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Editors' Preface 

Most of the studies reported in this volume are either directly or 

indirectly associated with a program known as the High Mountain 

Environment Project (HMEP). Melvin G. Marcus , who headed HMEP , 

describes the program on pp. 1- 12. 

The maps on the back cover were drawn at the American Geographical 

Society especially for this volume. Most geographical names appearing on the 

maps are official. The few exceptions were included in order to facilitate 

discussion when a feature has not yet been given an official name. 

Two-thirds of the articles in this volume have not been published 

elsewhere. Those that have are reprinted as they first appeared except for 

stylistic changes and minor corrections. 

xi 

VIVIAN c. BUSHNELL 
MEL VIN G. MARCUS 
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The High Mountain Environment Project: 

Chitistone Pass Region, Alaska 

and M t. Logan, Yukon 

Melvin G. Marcus* 

INTRODUCTION AND BACKGROUND 

During the period 1966 through 1970 the Icefield 
Ranges Research Project (IRRP) maintained a semi
autonomous program known as the High Mountain En
vironment Project. This research program evolved from 
IRRP experience in the Icefield Ranges of the St. Elias 
Mountains, where multi-disciplinary and interdisciplin
ary studies of alpine environments had been conducted 
since 1961 (Wood, 1963, 1969; Bushnell and Ragle , eds., 
1969, 1970, 1972). It had been postulated that within 
the St. Elias Mountains and the neigh boring Wrangell 
and Chugach Mountains, areas could be identified in 
which suitable contiguous sites were available for com
bined research in: (1) environmental elements and pro
cesses in a high mountain region, (2) problems of high
altitude human physiology, and (3) logistical and en
vironmental problems in mountainous terrain. 

In May 1966, the Army Research Office awarded a 
grant to the Arctic Institute of North America to con
duct a reconnaissance and to select areas that might 
serve as sites for the environmental, physiological, and 
operational research. This was accomplished and results 
are reported in A Reconnaissance of a High Mountain 
Region (Faylor, et al., 1967). On the basis of this pre
liminary investigation, suitable sites were selected in the 
Wrangell Mountains, Alaska and on Mt. Logan, Yukon 
(Plate 1).1 Subsequently, research objectives were 
separately organized under the High Mountain Environ
ment Project (HMEP) and the High Mountain Physiology 
Project (HMPP); operational and logistical efforts and 
research were mutually shared. 

The research carried out by HMEP is reported in this 
volume. Three types of alpine sites were studied: (1) a 
high mountain area characterized by permanent snow 
cover and rugged glacier terrain; (2) a high mountain 
pass characterized by long-term, seasonal snow cover 
and exposed ground and vegetation during the short 
summer; and (3) a deeply incised gorge and river fed by 

*Department of Geography, University of Michigan, Ann Arbor 
at time of writing ; present address : Department of Geography, 
Arizona State University, Tempe. 
1 Plate 1 is a map inside the back cover of this volume. 
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meltwater from higher snow fields and glaciers. The rep
resentative sites chosen for study were Mt. Logan in the 
St. Elias Mountains (first type) , the Chitistone Pass and 
Skolai Pass region of the Wrangell Mountains of Alaska 
(second type), and the lower reaches of the Chitistone 
River and Skolai Creek, Alaska (third type). Additional 
research was also accomplished along a transect from 
Kluane Lake, Yukon (786 m) to the Mt. Logan plateau 
(approx. 5500 m). 

Although the Mt. Logan and Chitistone areas are sepa
rated geographically , the combination of the two sites 
allowed investigations of environments ranging from 
forested mountain valleys through the full spectrum of 
alpine zones, which culminate in permanently glacierized 
summits. 

Chitistone research extended over a zone from the 
Chitistone Glacier to the north side of the Skolai valley 
(Plate 2). The Chitistone program consisted of a number 
of subprograms which focused on special aspects of the 
environment. Studies were undertaken in climatology, 
geomorphology, glaciology, meteorology, and botany. 
This research was, in turn, related to the overall physical 
geography of the area. The research program was execut
ed at a number of scales, ranging from intensive micro
level investigations to regional studies. 

Following an aerial survey of sites in 1966, a ground 
reconnaissance of the Chitistone and Skolai area was 
carried out by Barry C. Bishop, Barbara Murray, and 
David Murray. From May through August of 1967, 
1968, and 1969 the research program was continued 
with Melvin G. Marcus as principal investigator and 
Thomas R. Detwyler as co-investigator in 1967 and 
1968. During this period the research station was man
aged by Anthony Brazel (1967), Ray Lougeay (1968), 
and Stuart Loomis (1969). Primary logistical support 
was provided by Wilson Flying Service, Gulkana, Alaska; 
the IRRP helio-courier was utilized at times of schedul
ing stress. 

Research on Mt. Logan was accomplished during the 
summers of 1968, 1969, and 1970. A reconnaissance 
was conducted in 1967. In that year, a team led by 
Barry Bishop constructed a hut at 5360 m on the Mt. 
Logan plateau and determined that it was feasible to 
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operate a research laboratory at that altitude. Although 
physiological research was the focus of Mt. Logan activi
ties, environmental research was accomplished by the 
station support parties under the leadership of J oseph C. 
LaBelle. Emphasis was given to climatological and glacio
logical research at the meso-scale. In 1970, however, the 
program was expanded to include full energy-flux inves
tigation at the 5360 m level, as well as at Kluane Lake 
and Divide Stations along the continental slope transect. 

Because the Mt. Logan environmental studies were 
conducted in cooperation with the High Mountain Phys
iological Program, a study of human responses to high
altitude stresses, the environmental studies are useful 
not only for their own sake, but also because they pro
vide control data for the physiological research. 

Some of the research reported in this volume, while 
not directly associated with HMEP, represents contri
butions to an understanding of either the Chitistone Pass 
and Skolai Pass region or the spectrum of environments 
encountered along the Mt. Logan-Kluane Lake transect. 
These include the contributions by Denton and Arm
strong, Barnett, Bryan, and Miller (with coauthors). Re
search reports resulting from HMEP, but not included in 
this volume, are listed in Appendix 1. 

The High Mountain Environment Project was support
ed primarily by a grant from the Army Research Office
Durham. Additional personnel and equipment were ob
tained from the Department of Geography of the Uni
versity of Michigan, the Whitehorse Weather Office of 
the Canada Department of Environmental and Atmo
spheric Services, the Canada Department of Indian Af
fairs and Northern Development, the Institute of Aviation 
Medicine in Toronto, the National Science Foundation, 
and the Arctic Institute of North America. The majority 
of field workers were associated with the University of 
Michigan at the time; other organizations and individuals 
who contributed time and finanacial support are cited in 
each article (see also Appendix 11). 

THE HIGH MOUNTAIN STUDY AREA 

Because of the large number of articles in this volume 
which focus on the same two areas, it is useful to briefly 
describe the research areas in this introductory chapter 
in order to avoid later redundancies. The High Mountain 
Environment Project was conducted in the St. Elias 
Mountains of Yukon and Alaska and the Wrangell Moun
tains, Alaska (Plate 1). The St. Elias Mountains, which 
lie in the southwestern part of the Yukon Territory of 
Canada and the adjacent part of Alaska, form the highest 
coastal mountain range in the world. The range lies be
tween latitudes 59°N and 62°N, and longitudes 137°W 
and 142°W. It consists of a series of northwest trending, 
heavily-glaciated mountains, extending in a shallow arc 
for 500 km between the Pacific Ocean and the continen
tal interior (Bostock, 1948; Wood, 1967). The area is one 
of the world's most heavily glacierized regions outside of 
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Greenland and Antarctica, with valley glaciers as long as 
150 km. Sixteen peaks over 4600 m in elevation domi
nate the region. 

The boundary between the Wrangell and the St. Elias 
Mountains is located roughly along the Chitistone and 
White River watersheds. Largely volcanic in origin, the 
Wrangells extend some 150 km north-northwest to the 
Copper River (Wahrhaftig, 1965). More classically alpine 
than the dramatically glacierized St. Elias Mountains, the 
Wrangells nevertheless boast several massive glaciers and 
peaks higher than 4500 m. Mt. Blackburn and Mt. San
ford are notable among them. 

Chitistone Study Area 

The Chitistone study area, located near the boundary 
of the St. Elias and Wrangell Mountains (Plate 1), is not 
well documented. The region has been explored primarily 
as the result of mineral prospecting and the movement 
of parties traveling, for various reasons, through Chiti
stone Pass en route to other destinations. Scientific rec
ords are infrequent and primarily of a reconnaissance 
type (for example, Hayes, 1892; Rohn 1900; Capps, 
1910 and 1916; International Boundary Commission, 
1918; and Moffit, 1938). In the early 1900's the area 
was traversed by numerous groups of miners moving 
from Cordova on the coast in search of gold in the 
Chisana district, some 40 km north of Chitistone Pass. 
Their journey followed the so-called "Goat Trail" from 
the Chitistone valley-along the upper gorge and steep 
scree to the pass-into the Skolai valley and across the 
lower Russell Glacier. Only remnants of the trail remain 
(although it is still shown on U.S. Geological Survey 
topographic sheets), but its rigors are evident in rusty 
relics and bones of pack horses that remain scattered 
along the route. 

With the exception of hunters, mountaineers, and 
prospectors, few entered the area again until the 1950's 
However, photographs taken by F .H. Moffit in 1927 
and the Mt. Bona first ascent party in 1930 (T. Moore, 
A. Carpe, A. Taylor) provide an important link in the 
region's recent glacier chronology (Figs. I, 2) . During 
the International Geophysical Year, a then unnamed gla
cier near the summit of Chitistone Pass (Capps Glacier) 
was selected as one of ten small North American glaciers 
to be photogrammetrically mapped. The effort failed for 
reasons of weather and logistics, although the survey 
points and preliminary surveys were established (Case, 
1958; American Geographical Society, 1960). The 1960's 
saw a resurgence of interest in the region with increased 
private and corporate prospecting, a program of geologic 
mapping by the U.S. Geological Survey (MacKevett, 
1971; Smith and MacKevett, 1970), and, of course, the 
general activities of the High Mountain Environment 
Project. Most recently public attention and controversy 
have focused on the potential development of a road 
and associated recreational area across Chitistone Pass. 
If constructed, the road would link the upper Copper 
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Fig. 1. Snag Glacier as photographed by F . H. Moffit in 1927. For 1968 comparison, Snag Glacier appears in 
the center of Figure 3. Photo courtesy of Glaciology World Data Center A. 

River road in Alaska with the Alaska Highway crossing 
of the White River in the Yukon. 

An outstanding aspect of the environment of the region 
is the great diversity of terrain, vegetation, climate, and 
other environmental elements which occur (Figs. 3-7). A 
listing of the major landform types identified and map
ped in the area include: (1) glaciers, (2) moraines, (3) 
valley bottom alluvium, (4) alluvial fans and aprons, (5) 
stream terraces, (6) structural benches, (7) structural 
bench escarpments, (8) complexes of escarpments, talus, 
and steep, unstable slopes, (9) valley walls trimmed by 
Neo-glacial glacierization, (10) rock glaciers, (11) areas 
of mass movement deposition, (12) areas of residual 
periglacial material, and (13) standing water. Regional 
relief is great, ranging steeply from 900 m at the Chiti
stone River outwash to over 2700 m on nearby summits. 

The bedrock and weathered material in the pass region 
are primarily of volcanic origin. The dissection of layered 
and nearly horizontal1ava-flows has created a land-
scape characterized by scarps, benches, and angular 
weathering patterns (Fig. 3). Only in localized zones, 
where vegetation is continuous, is an organic layer found 
in the regolith and soil. 

In the higher portions of the Chitistone area the rocks 
are Tertiary in age. The rocks consist of the young Wran
gell Lavas and the older Frederika Formation (Smith and 
MacKevett, 1970). For the most part, the Wrangell rocks 
conformably overlie the Frederika strata, although in 
places the latter are missing and produce an unconform
able contact between the Tertiary lavas and the older 
Triassic rocks below. 

Northwest and southeast of Chitistone Pass the upper 
Wrangell Lava flows are exposed as nunataks in the high 

ice fields. Individual lava flows of the sub aerially formed 
Wrangell Lavas are commonly 0.5 to 3 m thick. The 
total accumulation presents a sequence more than 1500 
m thick (MacKevett, 1971). The Wrangel1 Lavas consist 
primarily of andesite and basaltic andesite, much of 
which is porphyritic and vesicular. 

Sedimentary Miocene rocks of the Frederika Forma
tion, some 300 to 600 m thick, lie conformably below 
the Wrangell Lavas (MacKevett, 1971). The formation is 
composed of conglomerate, sandstone, shale, and some 
lignite j these are primarily exposed along walls of the 
Skolai and Chitistone River valleys. Andesite dikes and 
sills, related to Wrangell Lava volcanism, frequently cut 
through the Frederika Formation and other older strata. 

Fig. 2. Forest service trail hut on the north side of the Skolai 
River, 1930. Deposition of Russell Glacier outwash and stream 
sediments from adjacent mountain slopes had raised the land 
surface above the window sill by the late 1960's. Photo courtesy 

of Terris Moore. 
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Fig. 3. Chitistone Pass, Alaska (August 1968) viewed from the east. Dodge and Snag Glaciers descend left and right of the Pass, respec
tively. Broad structural benches form the north-facing escarpment which drops to the Skolai River valley (lower right). 

Triassic and older sediments, which underlie the Wrangell
Frederika strata, are exposed primarily in the periphery 
of the study area. 

Chitistone Pass is located in a transitional zone between 
Sub arctic-marine and continental climatic regimes. The 

Fig. 4. Lower Chitistone River valley viewed to southwest. The 
debris-covered, stagnant terminal zone of the Chitistone Glacier 

is in the lower left corner. Photo by Barry C. Bishop. 

relative strength of marine or continental air masses and 
their associated flow significantly influence the summer 
~limate, which is strikingly different from year to year. 
These year-to-year differences lead to important annual 
variations in other environmental conditions such as soil 
moisture, runoff, snow, active-layer permafrost melt, 
growing season, and mass-wasting. 

The main research camp (Figs. 2-4) was at the summit 
ofChitistone Pass (1774 m; 61°36'14"N, 142°03'35"W). 
When not snow covered, the pass area is characterized by 
a discontinuous cover of alpine meadow and tundra. The 
terrain is marked by alpine streams, patterned ground, 
talus slopes, snow and avalanche debris deposits, and 
other mass-wasting and periglacial features. Solifluction 
is active and the ground is permanently frozen except 
for the surface layer, which thaws to a depth of 1 m or 
less during the summer. 

At a local scale, and beginning early in the field season 
of 1967, an environmental transect was established across 
Chitistone Pass, about 500 m south of the low point in 
the pass (Figs. 6, 7); the transect was reoccupied 
in 1968 and 1969. The transect, which was 1070 
m long and crossed a wide variety of landforms charac
teristic of the pass area, served two important purposes: 
(1) it provided a base for the remeasurement of features 
that change through time; and (2) it provided a common 
base for studying the integration of landscape elements. 
The following processes and phenomena-which are rlis
cussed elsewhere in this volume-were measured and de
scribed along the transect: 

Topography and physical description. A detailed topo
graphic profIle was surveyed, and the physical enyiron
ment along the profIle described. Measurements of drain
age, slope, soils, and rock particle sizes were recorded. 

Snow ablation. Weekly measurements of snow depth 
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Fig. 5. Capps Glacier to southeast, August 1968 . Note large ice-cored lateral moraine system. 
Photo by Stuart R. Loomis. 

were determined every 20 m along the transect in each 
field season. Remeasurements of snow depth indicate 
rates of snow ablation in the pass relative to slope and 
aspect and-together with periodic, panoramic photo
graphs-quantitatively record the seasonal retreat of 
snow in the pass. Vertical snow density promes were 
periodically plotted at one point along the transect in 
order to establish water equivalent values of snow stor
age and ablation. 

Depth to frozen ground. At the same 20-m intervals, 
seasonal measurements were made of the depth to frozen 

ground in the soil. 

Vegetation. To allow the construction of a detailed 
vegetation transect, the presence or absence of 23 pri
mary plant species was recorded in continuous 1 m by 2 
m plots along the transect. 

Climatology . The Chitistone Pass weather station and 
microclimatological study sites fall along a line roughly 
parallel to the environmental transect (Figs. 6, 7). 

Fig. 6. Chitistone Pass viewed to southeast, July 1968. The environmental transect crosses the 
left-hand side of the photograph. Photo by Stuart R. Loomis. 
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Fig. 7. Aerial view of the Chitistone Pass area (USGS photo, Aug. 15, 1957). The solid triangle locates the research sta
tion; the dot indicates the location of the landing strip; the dotted line shows the position of the environmental transect. 

Mt. Logan Study Area 

Mt. Logan lies in the heart of the St. Elias Mountains 
(Plate 1). At an elevation of 6050 m, it is the highest 
peak in Canada and the second highest in North America. 
The Logan massif, one the world's largest, extends rough-

ly 32 km from east to west, and is 14 km wide (Fig. 8). 
Its rock and ice walls rise 3600-4300 m on all sides from 
the valley glaciers to a high summit plateau at 5200-5500 
m (Fig. 9). The plateau is some 15 km in length, and 
from it rise the several smooth, rolling summits of Mt. 
Logan. There are nine major summits on the mountain: 
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three above 5800 m, four above 5500 m, and two above 
5200 m. Most of the area above the summit plateau is 
perpetually covered with a thick mantle of snow and ice; 
only the steepest precipices and steep, windblown ridges 
and knobs expose bedrock. 

The summit plateau holds several large icefields sepa
rated by the ridges connecting the summits. All the gla
ciers .are located on the north (leeward) side of the main 
summit ridgeline, and since the dry-snow line occurs at 
about 4250m at latitude 600

N (Benson, 1968), all are 
classified as high-polar glaciers (Ahlmann, 1948; Sharp, 
1956). From the plateau, the glaciers cascade in high ice
falls onto the upper tributaries of the Logan Glacier, 
draining westward to the Chitina-Copper River system. 

Because of its isolation and rugged, intervening topo
graphic barriers, Mt. Logan has only recently become 
accessible to scientific parties. The first men to set foot 
on the mountain arrived in 1925, some 34 years after 
its discovery. Walter Wood (1967, p. 6) has described 
the first efforts to reach the mountain: 

The early history of the discovery of Mt. Logan is more ob· 
scure than that of Mt. St. Elias. Hidden from all but a few 
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miles of coastline in the vicinity ofYukutat , and masked on 
the east by topography high enough to make it visible only 
from great distances in the interior of the Yukon Territory, 
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it is one of the world's elusive great mountains. Certainly the 
first person to see Mt. Logan in the full magnificence of its 
southern exposure was I. C. Russell when he reached the 
vantage point of Russell Col in 1891; and certain it is, too, 
that it was first documented photographically from the north, 
west , and south by members of the International Boundary 
Commission field parties in 1913. Thus its stature among 
mountains was established though, to this day, none of its 
three high peaks have been surveyed from a formal triangula
tion network.' The official elevation of Mt. Logan was com
puted from a single theodolite observation coupled with an 
intersecting ray derived from a survey photograph. 

As mountaineering recovered from the impact of World 
War I, interest in Mt. Logan took form and , among North 
American mountaineers, there was perhaps no more enthu· 
siastic instigator of an attempt to ascend it than the climbing 
team of W. W. Foster and A. H. MacCarthy. In 1923 and 
1924 the Alpine Club of Canada, of which Foster was then 
President, played the leading role in bringing an ambitious 
concept into a state of reality . By the end of 1924 firm plans 

2 See,however, Holdsworth pp. 273-275 of this volume, and Wood , 
pp. 277-278 . 

Fig. 8. Massif 0 f Mt. Logan. 
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Fig. 9. Mt. Logan (6050 m), seen from the northwest. Note summit plateau at 5200 to 5500 m with gently rolling summits rising 
above it. Photo by Waiter A. Wood. 

had been drawn up for an attempt on Mt. Logan in 1925, 
and MacCarthy and H. F. Lambart were asked to lead the 
expedition. Thus the stage was set for what the late Allan 
Carpe has described as "the most arduous feat of mountain
eering in North America." 

After the successful first ascent in 1925, only five par
ties visited the mountain until the 1960's. The first bona 
fide scientific effort was made by a V.S. Army, Cold 
Regions Research and Engineering Laboratories expedi
tion in 1965 (Alford and Keeler, 1969; Alford, 1969), 
when a snow accumulation profIle was established from 
lower King Trench to the summit plateau. Subsequent 
HMEP/HMPP activities have turned the Logan plateau 
into a busy field laboratory. 

Although geologic investigations have been accom
plished along the coastal and continental margins of the 
Icetteld Ranges, little precise information is available for 
Mt. Logan or other interior peaks of the range. A petro
logical analysis of igneous and metamorphic rock samples 
collected by HMEP personnel (pp. 227-234 of this 
volume) represents the first hard-rock study in the cen
tral St. Elias massifs. 

The summer climate of Mt. Logan plateau is character
ized by below-freezing temperatures throughout the sea
son. Insolation is high, primarily due to altitude, and 
pressures are in the low 500-mb zone. The peaks of Mt. 
Logan provide topographic shelter from storm systems 

migrating from the Gulf of Alaska, but occasional violent 
storms have produced heavy snowfall and ISO-km winds 
in the station area. 

Mt. Logan Station (Fig. 10) is located on a broad gla
cier field, some 20 km2 in area, near the center of the 
plateau (600 36'N, 1400 30'W) at 5360 m. It lies leeward 
of the summit ridge, presenting a downglacier view only 
to the northeast. Wind is an active agent at the station 
site, where drifting snow and sastrugi typify an ever
changing surface. 

Logistical C::msiderations 

Equipment and supplies for the High Mountain En
vironment Project were transported locally by air. A 
supercharged, ski-wheeled Helio-Courier, capable ofland
ing and taking off at the 5360-m research camp, was 
utilized on Mt. Logan. Scientific personnel were normal
ly flown to the 3000-m level in King Trench, west of the 
main massif. The research team then climbed slowly to 
the plateau to allow sufficient time for acclimatization. 
Once the campsite was occupied, materials were trans
ported directly from Kluane Lake base camp. The party 
was evacuated by air at the end of each season. 

In 1967 and 1968, Mt. Logan personnel lived in a cab
in constructed of plywood with a wooden frame. By 
1969 the cabin was buried under 10 m of snow, was 
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Fig. 10. Mt. Logan Research Station, 1969 . The white versadome houses the environmental and physiological re
search facilities. Photo by J oseph LaBelle. 

beginning to collapse, and could be used only for storage. 
Metal-framed Versadome structures provided shelter and 
research facilities in 1969 and 1970 (Fig. 10). Local 
travel was usually on creeper-equipped snowshoes, al
though skis or high-altitude climbing boots were oc
casionally used. Although the party was acclimatized, 
high altitude and cold temperatures were debilitating 
and the per-capita workload was low compared to that 
of research stations at lower elevations. 

Most logistical operations associated with the Chitistone 
Program were based at Gulkana Airfield near Glenallen, 
Alaska. Most of the equipment and supplies were ship
ped north in January or February so that they could be 
landed by a ski-equipped aircraft while sufficient snow 
was still in the pass. After mid-May it was necessary 
either to air-drop materials to the camp or utilize a 250-m 
gravel strip near Skolai River. Since the strip was 450 m 
below and north of Chitistone Pass, supplies had to be 
backpacked to the station. A small two-wheeled ve-
hicle (tote-goat) proved unsatisfactory over this terrain. 
All travel in the research region was on foot. 

Both the Logan and Chitistone Stations maintained 
regular radio communications with Kluane base camp. 
Contacts were made at a minimum of every three hours 
in a~sociation with the weather reporting program. 

CONCLUSIONS 

The High Mountain Environment Project has been an 
effort to describe and interpret the phenomena and pro
cesses present in an alpine landscape. The results of many 

of the related investigations are reported in articles in 
this volume; additional reports are listed in Appendix I. 
Some analysis is still in process. The approach has been 
interdisciplinary, bringing to bear on key problems the 
expertise of sub disciplines among the earth and biologi
cal sciences. Since mountainous areas are usually investi
gated in terms of isolated niches and zones, it was im
portant to break this pattern by viewing the full spectrum 
of the alpine environment. Thus, research ranged from 
the forested lowlands to the perennially glacier-covered 
summits, and from marine exposures to continental pre
cipitation shadows. Finally, processes and phenomena 
were viewed at a number of scales to optimize under
standing of their behavior and spatial distributions. 

Because of the tremendous environmental diversity in
volved, such an integrated effort is difficult. Therefore, 
and not unexpectedly, the program evolved through 
three research and production stages: 

(1) Initial specialized research. During the early stage of 
the project, basic inventories of landscape phenomena and 
studies of specific physical and biological processes were 
undertaken. This was significant not only because it provided 
basic data for later research, but also because it permitted in
vestigators to work within the familiar framework of their 
own disciplines. A high percentage of publications to date 
has been in this category. 

(2) Intermediate stage of interdisciplinary cooperation. 
Interdisciplinary research is often undertaken but seldom 
achieved. Most efforts achieve only multi-disciplinary results; 
that is, collections of papers focus on the same landscape 
'egion but are isolated from each other. One reason for this 
is that scientific experts seldom have an opportunity to share 
each other's research activities or background. The High 
Mountain Environment Project provided a four-month 
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opportunity during each of three summers for investigators 
to interact in a field-research and problem-solving situation. 
This stimulus led to eventual recognition of the contribution 
that one discipline can make to another. Thus the field work 
ers began to draw on each other's knowledge and methodol
ogies and to achieve a clearer understanding of the interac t
ing processes of the mountain environment. Research design 
in the later years of the program and several of the reports in 
the present volume reflect the move in this direction ; this 
cross-disciplinary work , for example, exists between bota ny 
and climatology, geomorphology and plant geography, and 
glaciology and climatology. 

(3) Environmental integration. The integration of all the 
processes an d elements of the mountain environment into a 
meaningful whole is ex tremely difficult. The very complexi
ties of the landscape militate against such an effort, yet in 
the long run such an integra tion is one of our most impor-
tant needs. The environment , a fter all , is not made up of iso
lated actions and events, but rather of interdependent ele
ments responding to a variety of interacting processes. En
vironmental integration and analysis initiated by the High 
Mountain Environment Project is just beginning to emerge; 
hopefully it will contribute to later volumes of this series. 

Finally, investigations accomplished by the High Moun-
tain Environment Project have stimulated new ideas re
garding research design and execution. This is particularly 
important at the mesoscale level where environmental 
field measurement is time-consuming and expensive. New 
techniques have been initially tested for remote sensing 
and physical modeling. Broader implications of these 
and other techniques utilizing new research approaches 
are being discussed and developed. 
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Investigations in Alpine Climatology: 
The St. Elias Mountains, 1963-1971 * 

Melvin G. Marcust 

ABSTRACT. A climatological research program has bee') conducted in the St. Elias Mountains, Yukon 
and Alaska, during the summers of 1963 through 1971. The program has consisted of (1) a network of 
standard weather stations, and (2) specific climatological investigations at several scales. This article describes, 
summarizes, and interprets those nine years of weather observations. It also provides background and com
parative commentary on the many special climatological projects. The concluding section discusses alpine 
climatology models compared to the reality of weather events in the St. Elias Mountains. A climatic bibliog
raphy for the region is included. 

Introduction 

It is generally agreed that mountains exert a significant 
influence on climate at both local and regional scales. 
Orographic processes are discussed in every textbook 
and the literature of meteorology and climatology re
veals an abundance of generalizations abou t the nature 
of alpine climates. Yet mountain regions remain among 
the least understood of world climatic environments. 
There are several reasons for this: 

(1) Mountain climates are difficult to measure and interpret 
because of variations in weather phenomena and processes 
which occur over short distances under the influence of 
changing altitude and topography. 
(2) There is a paucity of climatic data for alpine areas. Be
cause of physicai"isolation and sparse populations, such 
regions are seldom selected for the operation of weather 
stations. Where stations do exist, they are usually restricted 
to valley sites and avoid the less accessible ridges and slopes. 
Even in the European Alps where considerable research in 
alpine climatology has been accomplished, the data are 
sparse in comparison to those for surrounding lowland areas. 
(3) Most mountain stations are operated by cooperative ob
servers who, because of other commitments, observe only 
daily precipitation, and temperature maxima and minima. 
(4) Few researchers have had the opportunity to work in 
mountain climatology. This is, in part, a reflection of prob
lems listed above. There are clear advantages to working in 
other areas where data are abundant and where rugged 
topography does not complicate analysis. 

To overcome some of these problems and to gain new 
insights into the nature of highland climates, a climato
logical research program has been conducted in the St. 
Elias Mountains, Yukon and Alaska, during the summers 

*This paper is a modified and updated version of the paper, In
vestigations in Alpine Climatology, Alaska, U.S.A., and Yukon, 
Canada, presented at the joint Israel-United States Symposium 
in Geography, the Hebrew University of Jerusalem, July 1969. 
tDepartment of Geography, University of Michigan, Ann Arbor, 
at time of writing; present address: Department of Geography, 
Arizona State University, Tempe. 
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of 1963 through 1971. As part of the Icefield Ranges Re
search Project (IRRP), and in cooperation with the 
Canadian Meteorological Service, a network of weather 
stations has been maintained at several sites within or 
adjacent to the St. Elias Mountains. Also, specific micro
climatological and mesoclimatological investigations have 
been conducted at several mountain stations_ 

The weather observation program was not initially con
ceived for purposes of climatological research. Rather it 
was de·signed to provide: (1) supplementary forecasting 
data to the Whitehorse Weather Office (small aircraft 
weather forecasting has always been needed for IRRP 
logistics and operations), and (2) supportive data for the 
many earth and biological science investigations in the 
area. Specific and more sophisticated interest in climato
logical research was the inevitable by-product of the 
original observation program. 

A large climatic data bank has accrued from the IRRP 
program in the St. Elias Mountains. Selected weather 
records have been included in publications, but the 
data are either in limited-circulation publications or fugi
tive mes. It is the purpose of this article to describe and 
summarize the nine years of IRRP weather observations, 
as well as to provide a background to and comparative 
commentary on the specific climatological investigations. 
A climatic bibliography for the region is also provided. 

The Weather Observation Program 

Station network and site description. The St. Elias 
weather stations are characterized by diverse environ
mental conditions. In terms of topographical position, 
the stations trace the skeleton of a transmountain pro
me from moist Pacific slopes to semiarid continental 
interior. Government operated stations-such as Yakutat 
in Alaska and Burwash Landing a,ld Whitehorse in the 
Yukon-may be viewed as low elevation anchors for the 
alpine network. 
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The geographical coordinates, elevation, type of sur
face, and period of record for each station are given in 
Table 1 (see also Plate 1) .1 Kluane Lake Station has 
been maintained throughout the nine-year research 
period and Divide weather was recorded from 1963 
through 1970. Other stations were operated only during 
periods when related environmental research was in 
progress. Even with these constraints, a three-season re
cord exists for Kaskawulsh, Chitistone Pass, and Mt. 
Logan, and there are two-season records for Seward 
Glacier, Rusty Glacier, Terminus, and Gladstone. In 
addition to the manned stations listed, a number of hy
grothermograph stations were maintained for use in 
localized climate studies. A brief description of each 
station's setting is given below. 

Two stations are located on the continental side of the 
St. Elias Mountains, below glacierized zones. Kluane 
Lake (base camp) , at the southern end of the Yukon's 
largest lake, is situated in the broad, glaciated Shakwak 

I Plate 1 is a map inside the back cover of this volume. 
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valley (Muller, 1967). Discontinuous spruce forests are 
the dominant vegetation, changing to alpine meadows 
and tundra where the front ranges of the St. Elias 
Mountains rise only a few kilometers to the south and 
east (Figs. 1 and 2). Terminus Station is on a recessional 
moraine of the Kaskawulsh Glacier, approximately 900 
m beyond the present ice margin and at the head of the 
Slims River outwash plain (Fig. 3). Sparsely distributed 
shrubs and small trees dot the surface of unconsolidated 
sands and gravels. 

Four stations are situated in the glacierized heart of 
the lcefield Ranges. Kaskawulsh Station stands on the 
medial moraine formed by the confluence of the north 
and central arms of the Kaskawulsh Glacier (Fig. 4). The 
glacier system is 6.6 km wide at this location and deeply 
entrenched. Surrounding peaks and ridges rise 1200 to 
1500 m above the glacier surface; smaller tributaries and 
hanging glaciers cascade steeply to the main stream. The 
Divide Stations are located at the hydrological divide be
tween the Kaskawulsh and Hubbard glacier systems. The 
surrounding area is a broad upland of perennial snow and 
glacier ice. Only a few nunataks interrupt this gently 

TABLE 1. Weather Stations, St. Elias Mountains, 1963-1971 

Latitude Longitude Elevation Period of record 
Station (N) (W) (m) Type of surface 

(year) (days) 

Kluane Lake 61°01' 138° 25' 786 gravel 1963 June 5-Aug.24 
(base camp) 1964 June 1-Aug.26 

1965 May 14-Aug. 9 
1966 June 16-Aug. 20 
1967 June 15-Aug. 24 
1968 May 18-Aug. 19 
1969 May 27-Aug. 14 
1970 May 23-Dec. 31 
1971 Jan. 1-Aug.30 

Divide Station A 60 46 139 39 2640 snow 1963 June 19-Aug. 25 
Divide Station B 60 47 139 42 2637 1964 June 10-Aug. 17 

6046 139 42 2670 1965 June 4-Aug. 8 
6046 139 42 2652 1966 July 1-Aug. 4 
60 46 139 42 2652 1967 June 13-Aug. 20 
6046 139 42 2652 1968 June 5-Aug.16 
60 46 139 42 2652 1969 June 10-Aug. 14 
60 46 139 42 2652 1970 June 29-Aug. 3 

Divide Station C 60 45 139 42 2674 rock (nunatak) 1965 June 13-Aug. 16 
Divide Station D 60 45 139 41 2741 snowridge (nunatak) 1965 June 13-Aug. 15 
Kaskawulsh 60 44 139 09 1768 medial ice-covered moraine 1964 July 4-Aug.22 

1965 May 28-July 25 
1966 July 4-Aug. 5 

Seward 60 20 139 55 1860 nunatak 1964 June 18-Aug. 14 
1965 July 7-July 25 

Chitistone Pass 61 36 142 03 1774 alpine tundra 1967 June 9-Aug. 20 
1968 May 31-Aug. 16 
1969 May 25-Aug. 14 

Rusty Glacier 61 14 140 15 2165 dirt-covered ice 1967 July 1-Aug. 17 
1968 July 6-Aug.16 

Mt. Logan 60 36 140 30 5360 snow 1968 July 2-Aug. 2 
1969 June 28-July 29 
1970 June 24-July 24 

Gladstone 61 21 138 20 c.1740 alpine tundra 1967 June 29-Aug. 23 
1968 June 19-Aug. 23 

Terminus 60 49 138 38 826 outwash (sand and gravel) 1963 July 15-Aug.23 
1964 June 1-Aug.18 
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Fig. 1. Kluane Lake and the Shakwak Trench viewed to the 
southeast in Apri11971. The Kluane Hills are on the horizon. 
Ice still covers the lake. Kluane Lake base camp is along the 

shore at the right. Photo by W. G. Benjey. 

undulated snowscape (Fig. 5). Because of crevasses and 
for logistical reasons, Divide Station B occupied slightly 
different sites during the period of record (Table 1). 
Divide Stations C and D are hygrothermograph sites on 
two nearby nunataks; Station C is located on rock and 
Statiol1 D is on snow. 

Se ward Station has the greatest marine exposure of 
stations in the Icefield Ranges. Situated on a small nuna
tak near the eastern margin of the upper Seward Glacier, 
it overlooks a perennially snow-covered glacier basin 
some 1300 km2 in area. Although slopes are slight with
in the basin, surrounding peaks provide some of the 
most spectacular relief in the world. From the Seward 
Glacier surface (1500- 1800 m) rise such peaks as Mt. 
Logan (6050 m), Mt. St. Elias (5490 m), King Peak 
(5174 m), and Mt. Vancouver (4811 m) . 

Fig. 2. Kluane Lake base camp. Microclimatological measure
ments have been taken in both the spruce stand and open mea
dow left of the runway. Standard weather observations are re
corded in an area directly across the runway from the main 

building. Photo by W. G. Benjey . 

15 

Fig. 3. The Slims River valle.y. Terminus Station is located on 
the Kaskawulsh Glacier moraine at the head of the valley. Photo 

by W. G. Benjey . 

Mt. Logan Station, the most recently established sta
tion, is also the most unusual; it is the highest weather 
station ever operated in North America. (See Figures in 
article on pp. 1-12 of this volume.) Located at 
approximately 5360 m on Mt. Logan's extensive 
summit plateau, it provides surface data for an elevation 
approaching that of 500-mb charts. 

Three other research stations, less directly associated 
with the transmountain prome, complete the weather 
net. These are: (1) Rusty Glacier on the lower end of a 
small, continental slope glacier; (2) Chitistone Pass, an 
alpine tundra site on the northwest boundary of the St. 
Elias Mountains (see Fig. 7 on p. 6 of this volume); and 
(3) Gladstone, a periglacial mountain site in the Ruby 
Range northeast of Kluane Lake. 

Observation procedures. Meteorological observations 
were taken at three-hour intervals, except where research 
programs required more frequent readings. Elements 
measured included: temperature, temperature maxima 
and minima, amount and type of precipitation, dew 
point, relative humidity, wind direction and speed, sky 
condition, cloud type and amount, pressure, and other 
meteorological variables. Temperature, relative humidity, 
and insolation were continuously recorded by automatic 
instruments. Standard meteorological shelters were used; 
screens were not mechanically ventilated. 

Because the government changed local Yukon summer 
time four times during the nine-year period, and because 
Chitistone Pass is in the Alaskan time zone, the observa
tion schedule was maintained by the Greenwich clock. 
Readings were taken at three-hour intervals beginning at 
0900 GMT. This provides year-to-year continuity and 
facilitates comparison with data from regional establish
ed stations which have 1200 and 0000 GMT radiosonde 
releases and 0600 and 1800 GMT PIBAL ascents. 

For each station, data were recorded on standard Ca
nadian surface-weather forms; aviation weather and 
synoptic coding were executed according to Canadian 
Department of Transport MANOBS instructions. 



16 

CONFLUENCE OF NORTH AND CENTRAL ARMS. KASKAWULSH GLACIER. 

CAMP AT KASKAWULSH STATION A. LOOKING SOUTH. 

Fig. 4. Kaskawulsh Station and vicinity (after Taylor-Barge, 
1969b). 

Observations were radioed to Kluane Lake base camp, 
where they were again entered on surface-weather forms, 
and immediately telephoned to the airway range facility 
at Burwash Landing, Yukon. Data for the several stations 
were then transmitted by teletype per the Aviation 
Weather Code to Canadian and Alaskan weather stations. 
For 0600 and 1800 GMT observations, data were tele
phoned directly to the weather station at Whitehorse. In 
turn, a forecast of flying conditions for the St. Elias 
Mountains was provided by Meteorological Service per
sonnel. Special reports, upper air data, and pilot reports 
were also relayed through the Burwash Landing facility 
when appropriate. 

Most observers had had previous training or experience, 
or both, in specific aspects of climatology or me teorology. 
Standardization of procedures was further insured by re
quiring that all observers attend a two-day refresher 
course at the Whitehorse Weather Office. Included in the 
course were familiarization with observational proce
dures, coding, instrumentation, and instrument calibration 
and repair. Also, observers were briefed on the operation 
of the Whitehorse Weather Office, with particular empha
sis on data handling and forecasting methods. Partici
pants received additional training in the field, but it is 

MEL VIN G. MARCUS 

believed that exposure to the operation of a major weath
er station provided an important frame of reference. 
This was especially helpful for students who had only 
academic knowledge of the field of meteorology. 

Observational and data handling problems. Whenever 
a high proportion of field personnel are not trained 
meteorological observers, observational and data han
dling problems are inevitable. The Whitehorse "short 
course" helped in this regard; however, four examples of 
data distortion risk are worth citing. I t is believed that 
such errors have been largely eliminated by tedious and 
comprehensive cross-checks. 

First, many observers participated in the weather pro
gram as a voluntary, secondary activity. This presented 
no major problems at stations where a climatological in
vestigator was present and could maintain the continuity 
and accuracy of the records. The priorities of non-clima
tologists were, naturally enough, oriented to their own 
research in other fields. Often they could not be at the 
station at prescribed observational hours and, in some 
cases, had to absent themselves for several days. When 
equipment breakdowns occurred, they usually did not 
have the training to make appropriate repairs or instru
ment calibrations. Thus, occasional "holes" appear in 
the record; in addition, it was necessary to eliminate 
suspect observations during later data reduction. 

A second problem was the probability of unintentional 
error in data coding and transfer. Most errors of this type 
were eliminated by independent audit during reduction. 
Thirdly, the large amount of data was cumbersome to re
cord, manipulate, and store-especially when it was con
sidered that duplicate records had to be maintained for 
the Whitehorse Weather Office, IRRP, and certain indi
vidual investigators. Data were coded and punched on 
cards in the field in 1965 (Marcus, Rens, and Taylor, 
1966). It was believed that this would expedite calcula
tions and record listing, but field-generated errors simply 
became more difficult to trace. 

Finally, some data are distorted because the observers 
must make subjective judgments. The estimation of 
heights and lengths of cloud cover are typical of this 

A. 

Fig. 5. The Divide camp area. The long-term Divide B Station is 
located on the outskirts of the camp in the foreground. Divide D 
is located on the ridge of the nunatak in the left background. 

Photo by M. G. Marcus. 
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problem, which is compounded by the requirement that 
cloud type definitions are based on altitude above the 
station surface and "undercast" conditions occur at a 
majority of mountain locations (see discussion in Marcus 
and LaBelle, pp. 107 -114 of this volume). The accuracy of 
IRRP weather records, nevertheless, approaches the 
quality of first order stations at the principal camps. 

Summary climatological data. Summary and mean cli
matological data for all IRRP stations during the period 
1963-1971 are given in the Appendix . The complete 
three-hourly records for 1963, 1964, 1965, 1968, and 
1969 are respectively available in Havens (1968), Marcus 
(1965a), Marcus, Rens, and Taylor (1966), Kolberg and 
Brazel (1969), and Benjey (1970a) . Chitistone data for 
1967 are given in Marcus, Ford, and Willingham (1968). 
Daily Canadian surface-weather records for these and 
other years are filed with the Whitehorse Weather Office 
and the author; original field notebooks are stored with 
the author. 

IRRP Climatological Studies 

Although the weather observation program has been 
an integral and significant part of the IRRP program, 
concurrent climatological research programs which focus 
on process-oriented problems of the alpine environment 
have been equally important. This research falls into two 
categories: (1) that which concentrates directly on prob
lems of climatology and meteorology and (2) that which 
focuses on other (but climate-related) facets of the land
scape. A brief review of topics and research philosophy 
is presented here. 

Mountatin climatology is beset by what might be called 
"problems of scale." The rapid changes in primary and 
secondary climatic controls and processes which occur 
over short distances place serious constraints on analysis. 
The observations made at any given station cannot, by 
any stretch of the imagination, be considered representa
tive of more than a very small locality. Thus, at micro
scales, we may learn something about local climatic pro
cesses, but we have difficulty in defining the distribution 
of these processes in broader spatial terms. At the other 
end of the scale, we identify major energy, mass, and 
momentum systems but have difficulty predicting their 
distortion in localized zones of the boundary layer. For 
mesoscales-at which most standard weather observations 
are made-no standard linkages exist which allow ex
tension upwards or downwards in scale . 

The objectives of much of the climatic research in the 
High Mountain Environment Project have been to attack 
these "problems of scale" by attempting to identify and 
define the operative climatic processes and their distribu
tions at all three scale levels. Thus, out of the research 
which has been initiated, it is hoped that methodologies 
can be developed whereby extrapolations and connec
tions can be made from microscales through macroscales 
and vice versa. In this sense, the development of observa
tional networks was necessary in order to identify basic 
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parameters which could be used to test hypotheses or to 
develop new ones. 

Microclimatological studies. Microclimatological re
search has been conducted at the Kluane Lake Divide 
Seward, Mt. Logan, and Chitistone Pass Statio~s.2 Th~ 
major thrust of these programs has been to measure, cal
culate, and compare energy and moisture balances over 
surfaces that vary in composition, altitude , slope, aspect, 
and regional climate. 

The first climatic investigations in the Ice field Ranges 
were, in part, at the microscale. For the summer of 1963, 
Havens (1968) delineated the relationship between radia
tion, cloudiness, and sunshine at Divide and Kluane Sta
tions insofar as these factors related t~ variations in site 
and altitude. He also drew comparisons between these 
relationships in the St. Elias region and the same relation
ships in Greenland and Axel Heiberg Island. Brazel (1968) 
continued radiation observations at the Divide site ex
tending radiation and sunshine measurements thro~gh 
the summer of 1964. Radiation and energy flux investi
gations over the Seward Glacier snowpack were accom
plished in July 1965 (Lougeay, 1969). 

The larger body of microclimatological work was ac
complished after 1966; most of these investigations are 
summarized in other articles of this volume. Table 2 lists 
all Icefield Ranges Research Project and High Mountain 
Environment Project microclirnatic stations and includes 
their locations, period of record, elements measured, 
type of surface, and literature references. 

Mesoclimatic and macroclimatic investigations. The 
first view of the broad scale climatology of the region 
was given in Taylor-Barge's (1969a, b) treatment of the 
summer transmountain climatology for 1963 through 
1965. Her study identified some of the linkages existing 
between locally observed weather at the IRRP stations 
and the principal synoptic situations occurring over the 
~orth ~acific and northwestern North America. Of par
ticular lmportance was her identification of distortions 
imposed upon air masses and fronts by the mountain 
barrier. 

At comparable scales, spatial characteristics of tempera
ture and wind have been respectively interpreted by 
Marcus (1965b) and Benjey (1969; 1970b), while Marcus 
and LaBelle (1970) have related the high-elevation Mt. 
Logan weather to weather of other areas of the St. Elias 
Mountains. Variations in precipitation and snow accumu
lation have been treated by Alford (1969), Alford and 
Keeler (1969), Keeler (1969), Marcus and Ragle (1970), 
~nd M~rc~s (pp. 219-223, this volume). Finally, Kolberg's 
mveStlgatlOn (1973 and pp. 133-142, this volume) of 

1 While it may be arguable whether radiation studies arc micro
or meso-meteorological in scale , they are herein considered 
microscale investigations, as is the usual practice. 



TABLE 2. Microclimatic Stations, IRRP and HMEP, 1963-1971 

Elevation Lat . Long . Period of Record Elements measured * 
Station (m) (N) (W) (year) 

Type of Surface Reference 
(days) Si So Ri R n 'l "a Tg Ua U, ea (', M 

Divide Area 
Divide A 2640 60° 46' 139° 39' 1963 June 20-Aug. 23 x x snow Havens (1968) ; Havens and 

Saarela (1964) 
Divide B 2637 60 47 139 42 1964 June 10-Aug. 16 x x x snow Brazel (1968) 
Divide B 2652 60 46 139 42 1970 July 3-July 25 x x x x x x x x snow Marcus and Brazel (pp. 117 -119 

of this volume) 

Seward Glacier 1700 6020 139 54 1965 June 15-June 25 x x x x x x x snow Lougeay (1969) 

Ch itistone Pass 
Station 1 1774 61 36 142 03 1967 July 13-Aug. 11 x x x x x x x x x flat alpine tundra Aufdemberge (1971 and pp. 

63-79, this volume) ; 
1968 July 9-Aug. 5 Brazel (1970, 1972, pp . 49-62 

and 81-87, this volume) ; 
1969 June 30-Aug. 4 Brazel and Outcalt (1973a, b) 

Stat ion 2 1774 61 36 142 03 1967 July 13-Aug. 11 x x flat gravel outwash Brazel (1970, 1972a, and pp . 
49-62 and 81-87, this vol· 
ume); Brazel and Outcalt 
(1973a, b) 

Station 3 1798 61 36 142 04 1967 July 13-Aug. 11 x x x x x SE ·facing , 23° slope; Same as for Stat ion 2 

I mixed rock and al· 
pine tundra 

Station 4 1829 61 36 142 04 1967 July 13-Aug. 11 x x x x x x x x x SE.facing,34° slope; Same as for Station 2 
1968 July 9-Aug. 5 alpine meadow 

Station 5 1911 61 36 142 03 1968 July 9-Aug. 5 x x x x x x x x NW-facing , 28° slope; Same as for Station 2 
talus 

Capps Glacier 1743 61 35 142 03 1969 June 30-Aug. 4 x x x x x x x glacier ice Aufdemberge (1971 and pp. 
63-79, this volume) 

Kluane Lake 

U

970 June 11-July 30 x x x x x x x x x flat bog turf Benjey (1973 and pp. 89-105, 
Station 1 786 61 01 138 25 1970 Oct. 20 1970 to this volume) 

1971 July 11 1971 
Station 2 786 61 01 138 25 (same as for Station 1) x x x x x x x x spruce forest Same as for Station 1 

Mt. Logan 5360 60 36 140 30 1970 June 29-July 22 x x x x x x x x snow Marcus and Brazel (pp.117-119 
of this volume) 

*Sj = short-wave incoming radiation; So = short-wave outgoing radiation; Ri = all-wave incoming radiation; R n = all-wave net radiation ; Ta = multiple air-temperature levels; Tg = multiple 
subsurface-temperature levels; Ua = mUltiple wind-levels; U, = single wind-level; ea = multiple vapor-Ievels; e , = single vapor-Ievel; M = soil moisture . 

...... 
00 
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regional pressure patterns provides insights into the 
broad-scale interaction between major air masses and 
the mountain barrier. 

The Climate of the St. Elias Mountains: 
Concept and Reality 

Even with foreknowledge of the complexities of moun
tain climatology, it is difficult not to entertain certain 
preconceived notions regarding the subject. A number of 
general models are commonly accepted in discussions of 
mountain climatology, and these schemes have been re
iterated with such frequency in the literature that one 
tends to forget that reality does not always exactly fol
low concept. The remainder of this paper is given to the 
presentation of some aspects of the meso- and macro
scale climatology of the St. Elias Mountains and how the 
real data compare to well-known models and concepts. 

Wind patterns. A general model for localized air move
ment in mountain valleys has been recognized for many 
years (Defant, 1933; Wagner, 1938; Gleeson, 1951; Koch, 
1949,1955; Buettner and Thyer, 1965; Geiger, 1966; 
and others). In essence, the model is characterized by up
valley (upslope) winds during the day and downvalley 
(downslope) winds during the night. Thickness of the air 
layers fluctuates throughou t the diurnal period, and 
counter winds may be identified above the boundary 
wind . Above the mountain-valley system, gradient (that 
is, geostrophic) winds should, according to the model, 
flow at higher velocities than do those near the surface. 

For glacierized valleys, a special case may occur. This 
is the glacier (or firn) wind, which moves downvalley as 
it is cooled by the ice and snow surface, sliding under
neath and opposite to the upvalley wind (Tollner, 1931; 
Ekhart , 1934; Hoinkes, 1954a, b). Geiger (1966, p. 414) 
states that the glacier wind is a "cold wind of rare occur
rence which is only a few tens of meters deep ." 

For the St. Elias Mountains, we might expect two pat
terns in respect to local winds: (1) the classical diurnal 
upvalley-downvalley wind sequence should occur over 
most of the unglacierized terrain; and (2) the glacierized 
valleys- especially those feeding from extensive upland 
accumulation zones - should experience classical down
glacier winds. Insufficient data are available to evaluate 
the first case , although responses of the project's light 
aircraft to air currents tend to verify the general model 
for unglacierized valleys and ridges on the St. Elias mar
gins. 

The glacier wind case can be discussed in greater de
tail. Surface wind observations are available for two gla
cierized valleys: the broad and deep Kaskawulsh Glacier 
valley and the small, narrow drainage area of the Rusty 
Glacier. At both scales, the classical downglacier wind 
flows during night and day. At Kaskawulsh, the down
glacier wind blows approximately 70% of the time with 
the maximum day velocities ranging between 800 and 
1200 cm/sce. Light winds are rare and occasional up-
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valley surface winds are more a response to air mass or 
mountain-wave phenomena than to local thermal condi
tions. In 1965, pilot balloon observations were taken 
twice daily at the Kaskawulsh weather station. In analyz
ing the data, Benjey (1969) found that the thickness of 
the glacier wind is great compared to what has been sug
gested in the literature ; Benjey found that the top of the 
Kaskawulsh downvalley wind layer ranges from a mini
mum of 50 m above the surface to more than 500 m 
above the surface. 

In the wind rose diagrams (Fig. 6), it is seen that the 
downglacier component strongly persists to 732 m above 
the station (2500 m). Even at the 3000-m level (or 1232 
m above station), the downglacier vector remains strong. 
At this level , however, it is generally associated with 
gradient flow. Indeed, the apparent prevailing vector in 
the downvalley direction finally disappears above the 
3500-m level (Fig. 6). Benjey (1969) has shown that the 
shear zone marking the lower limit of geostrophic flow 
is frequently at an altitude above the highest local peaks. 
Thus, the bulk of air moving down the valley seems to 
represent the results of powerful regional cooling which 
occurs over the upper accumulation plateau. It is inter
esting that when upglacier winds do prevail, they are not 
local responses to thermal patterns. They are instead as
sociated with strong air-mass movement from the conti
nental interior, or, in some cases, responses to lee slope 
rotors. 

Over the smaller Rusty Glacier, the surface wind pat
tern is considerably different from that of the Kaskawulsh. 
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Fig. 6. Selected wind~irection roses above Kaskawulsh Station, 
summer 1965 (after Benjey, 1969). The increasing loss of obser
vations with altitude is due to visual loss of pilot balloons in 

clouds. 
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Fig. 7 . Surface wind-direction rose for Rusty Glacier Station, 
summers 1967 and 1968 . The directional vectors total only 45 %, 

leaving calm conditions for 55% of the recording period . 

When the wind blows it prevails downglacier, but some 
55% of the observational period was characterized by 
light winds (Fig. 7) . Considering that the Rusty Glacier 
weather station is located in a narrow venturi-like valley, 
these statistics are surprising. Also, there is no diurnal 
pattern to the winds. 

It is found, therefore, that for two cases-one at a 
broad scale and the other highly localized-winds flow
ing over glacierized surfaces conform to the glacier wind 
model in only the crudest sense. The scalar differences 
from one valley to another apparently have tremendous 
impact on the frequency and magnitude of these moun
tain wind systems. Most mountain wind models have 
been developed from observations in the Alps, where 
high accumulation areas are at least a magnitude less than 
those in the St. Elias Mountains; however, most forecasts 
of alpine wind systems ignore this scalar problem. Thus, 
the accepted model of a "skin layer" glacier wind makes 
little sense outside of classical Alps-type environments. 
Differences in depth of katabatic layers must be expect
ed to correspond in magnitude to variations in terrain 
and snow and ice cover. 

In the smaller valley of the Rusty Glacier, neither gla
cier- nor valley-wind effects are evident most of the time. 
This fortifies the position informally taken by many cli
matologists and meteorologists that mountain winds are 
extremely difficult to analyze and that use of predictive 
wind models is risky at best. 

Temperature lapse rates. The use of standard and adia
batic lapse rates holds a fatal fascination for investigators 
working in alpine regions. Magic numbers have always 
been potent, and it is a rare ecologist, glaciologist, geo
morpholofst, or even climatologist who can resist using 
either 0.6 C/I00 m or l.O°C/IOO m as a lapse rate. Thus, 
all manner of mountain climates are extrapolated from 
distant weather stations on the basis of an assumption 
that is often in error. To cite just a few examples, the 
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fallacy has been demonstrated by research in Japan (Yo
shino, 1966), West Germany (Bleibaum, 1953; Baumgart
ner, 1961 ), the Himalayas (Whipple, 1926), the Juneau 
Ice Field of Alaska (Marcus, 1964), and New Zealand 
(Coulter, 1967). Data from localities in the Icefield 
Ranges add to the growing knowledge that there is no 
standard lapse rate for mountainous regions. 

Selected but typical lapse-rate data for the transmoun
tain profile are given in Table 3. Included are environ
mental and free -air temperature gradients for both conti
nental and marine slopes. The 1968 data include free-air 
lapse rates measured by a thermister system attached to 
the IRRP aircraft. 

The great variation in lapse rates for the same altitude 
range is apparent in the table. Differences exist between 
marine and continental situations as well as between en
vironmental and free-air rates. A number of factors are 
responsible for the discrepancies. Inversions, particularly 
the persistent surface inversions which occur along the 
Pacific littoral, significantly decrease the overall lapse 
rate. Diurnal temperature variations are much greater at 
a mountain station than at equivalent altitudes in the 
free air. Stability and adiabatic relationships are reflected 
in the differences from continental to marine slopes. The 
strong influence of adiabatic processes along the bound
ary layer also is evident in the comparison of 1968 con
tinental slope data with aircraft data. 

The 1964 environmental lapse rates from Yakutat to 
the Divide area provide an excellent example of the ef
fect of different surfaces on local temperatures- and con
sequently upon the lapse rates. Divide Station B is lo
cated over a broad snow surface, greatly affected by 
radiation loss at night and cold air drainage. Thus, as 
nocturnal temperatures decrease over the snow, the ap
parent environmental lapse rate from sea level increases 
(0.54°C/l00 m in Table 3). At Divide Station D, a near
by station situated on a ridge, the temperatures more 
closely approximate those of the free atmosphere; free 
air and environmental rates are comparable: 0.32°C/100 
m and 0.36°C/100 m. The latter lapse rates , which are 
quite small, also reflect the impact of the strong inver
sions occurring near sea level. 

The 1968 aircraft data are particularly interesting in 
that they reveal much lower "real lapse rates" in the lee 
slope atmosphere than the standard rate, the Whitehorse 
RAOBS rate, or the Kluane-Divide environmental rate. 
This is highly significant to calculations of the position 
of the O°C level in the atmosphere and the forecasting of 
condensation conditions. 

Precipitation, pressure, and stability. Other lessons 
have been learned from the IRRP and HMEP climatology 
program; they form the basis for many of the articles in 
this and other volumes of Icefield Ranges Research Pro
ject, Scientific Results. A number of articles, for example, 
address the problem of altitude-precipitation relation
ships (Alford, 1969; Alford and Keeler, 1969; Keeler, 
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TABLE 3. Environmental and Atmospheric Lapse Rates tC/100 m) 

Marine slope Continental slope 

Date and time Raobs Environmental Environmental Free air 
(YST) of record Yakutat to Wh itehorse to Yakutat to Kluane Lake Kluane Lake 

2637 m* 2637 m* 2637 m* 2637 m* 2637 m* 

1963 July 1-31 
0300 0.44 0.45 0.55 0.64 
1500 0.57 0.88 0.51 0.81 

1964 July 1-31 
0300 0.46 0.44 0.56 0.66 
1500 0 .62 0 .88 0.52 0 .83 

1964 July 15-20 
0300 0 .32 0.38 0.54 (O.36)t 0.65 (O.49)t 
1500 0 .58 0.93 0.45 (0.43)t 0.74 (0.70)t 

1968 July 14-21 
0300 0.47 0.61 0.35 0.97 0.25 
1500 0.53 0.87 0.49 0.66 0.47 

*Divide B. 
tEnvironmental lapse rates for Divide D (2741 m) are given in parentheses. Atmospheric lapse rates for Divide D are the 
same as those for Divide B. 

1969; Marcus and Ragle, 1970; Marcus, pp. 219-223, this 
volume). It has been found that although the expected 
precipitation differentials exist between windward and 
leeward slopes, there is an anomalous decrease of precipi
tation with altitude on the marine (windward) side of 
the Icefield Ranges. This is contrary to findings for the 
lower elevation Coast Mountains in the Alaska panhandle 
(Marcus, 1964; Murphey and Schamach, 1966) as well as 
other locations (Coulter, 1967 for New Zealand; Manley, 
1940 for the British Isles; Balseinte, 1955, for France). 

Air masses, pressure cells, and storm systems on either 
side of the St. Elias Mountains conform generally to re
gional patterns described by Kendrew and Kerr (1955) 
and Mitchell (1958) . Winter climate on the marine slopes 
is dominated by migration of the deep Aleutian Low into 
the Gulf of Alaska, which brings heavy precipitation and 
clouds. The continental slope front ranges fall under the 
influence of the extremely cold and dry MacKensie High. 

Summer patterns are more complicated as the Aleutian 
Low source region weakens and develops two lesser cen
ters-one north of the Aleutian Islands and another op
posite northern Alaska. The former frequently moves in
to the Gulf of Alaska where it coats the windward slopes 
with clouds and precipitation (Fig. 8). The northern cell 
is most active in the spring (May-June) and is the major 
source of storms which track the interior valleys past 
Kluane Lake (Fig. 9); such storms pass through these 
valleys only occasionally during the summer. Northward 
migrations of the Pacific (Hawaiian) High bring warm, 
dry weather to the region (Fig. 10), but even then on
shore flow may bring orographic precipitation and 
clouds to lower, coastal slopes. Insofar as a summer cli
matic divide between marine and continental regimes 
can be identified, it is located near Chitistone Pass for 
the western area and a few kilometers inland from Divide 
Station for the heart of the Icefield Ranges. 

The stormiest summer weather at Kluane Lake and 
along the continental front is associated with easterly 
flow, an unusual phenomenon in the area. Taylor-Barge 
(1969b, pp. 44-45) points out that "the degree to which 
the area's weather is orographically induced was perhaps 
best illustrated during the period when easterly flow ... 
produced to the east of the barrier, considerable cloud, 
precipitation, and general cooling-all the effects normal
ly associated with the marine slope during a cyclonic 
passage." Her observation of this condition in 1965 has 
been borne out in succeeding years as the principal 
source of continental slope moisture (that is, at Kluane 
Lake, Kaskawulsh, and Rusty Glacier Stations) . Cu
riously, the source of these storms is usually in the 

70"N 

6O"N 

SOON 

Fig. 8. Classical summer disposition of the Aleutian Low into 
the Gulf of Alaska. Onshore flow brings clouds and precipitation 
to "the panhandle," the Fairweather Range, and the St. Elias and 

Chugach Mountains. 
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Fig. 9. A SCljucnce of low ·pressure cells tracks the continental 
side of the coastal mountain ranges. Inland storms are often car· 
ried by this zonal flow. The two low· pressure cells straddling 
longitude 1600 W arc products of the summer disruption of the 

Aleutian Low source region . 

southerly flow off deep lows that move onto the Gulf of 
Alaska coastline. Moist air is funnelled into the interior, 
particularly through such openings in the mountain bar
rier as the Alsek and Chilkat valleys. Once past the divide, 
the flow swings easterly and eventually makes contact 
with the western ranges of the St. Elias Mountains. 

Finally, a few comments are required regarding near
surface stability conditions. Conduction cooling and cold 
air ponding are characteristic of snow- and ice-covered 
terrain. I nversions are a common climatic feature in all 
seasons, and the Kluane area boasts a winter inversion 
layer over lOOO-m deep. I t is the persistent shallow and 

Fig. 10. Typical placement of the Pacific (Hawaiian) High pres
sure cell during poleward summcr migration. Zonal flow is 

blocked and deflected along a continental vector. 
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stable surface inversions, however, that have provided an 
obstacle to an analysis of the climate of the region, partic
ularly at the microscale. In many environments, the sen
sible heat flux component of the energy balance can be 
calculated using aerodynamic equations. These equations 
are , however, operable only under neutral to unstable 
conditions. Since prevailing conditions at several of the 
research stations do not meet these conditions, investi
gators have been forced into alternative, and sometimes 
less-than-satisfying, methods. This is especially true for 
high, cold stations such as Divide and Mt. Logan and the 
Kluane Lake site in winter. On the positive side, this situ
ation had led to greater use, and even development, of 
simulation modelling techniques (for example, Brazel, 
1972a). 

Summary 

The major objective of this paper has been to review 
and summarize the IRRP and HMEP climatology pro
gram and to identify some of the distinctions between 
climatic concept and reality. Perusal of the IRRP weather 
records reveals that this is a region of high spatial 
and temporal variability; the "average summer" is a sta
tistical device, but not a reality. Because of the wide and 
complex range of elements included in the St. Elias 
Mountains environment, these year-to-year climatic fluc
tuations produce rapid feedback throughout the system. 
Stream runoff, glacier mass balance, and alpine vegeta
tion, for example, all respond to annual and even intra
seasonal climatic variations. Thus-given the significant 
impact of climatic processes on other natural systems 
within the region-the weather observation program and 
associated c1imatological research program serve users 
beyond the internal goals of the program. 

This paper has also presented selected examples of cli
matic problems found in the St. Elias M9untains. In com
paring concept and observation, it became apparent that 
while we should expect physical processes (and the 
models that define them) to be consistent from place to 
place, there is a tendency to forget the importance of 
scale in our interpretations. This can be a grave oversight, 
for in the St. Elias Mountains, one of the great mountain 
ranges of the world, the size of the terrain is in itself a 
major climatic control. 
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APPENDIX 

CLIMATOLOGICAL DATA 

Length Temperature (oC) 
Precipitation Wind Cloud iness Pressure Relative 

Insolation (langleys) 

Date 
of 

(mmH, O speed (tenths sky (milli · humidity record, Mean Mean 
Mean 

Extreme Extreme 
equivalent) (m/sec ) dome) bar» (%) Mean Extreme Extreme 

Q,/~ (days) max . min . max. min. max . min . 

CHITISTONE PASS STATION 

1967 
June 22 9.4 -1.0 5.0 14.4 - 1.2 14 1.5 6.0 77 .2 488.3 681.6 355.2 0.490 
July 31 8 .1 2.0 4.9 13.1 - 1.5 134 3.6 8.6 89.6 3911.9 602.6 197.0 0.442 
Aug. 12 9.5 2.9 5.9 15.1 -0.1 17 4 .2 8 .0 87 .1 339.8 555.0 93.1 0.450 

1968 
June 30 5.9 - 1.5 1.6 13.4 -£.8 69 815 .2 80.6 528.3 691.1 331 .2 0.533 
July 31 10.5 2.7 6.2 16.8 - 1.1 78 2.3 6.9 819.2 76.3 451 .6 682.8 164.4 0.483 
Aug. 15 10.7 3.2 6.3 15.8 1.0 18 2.7 5.7 821.5 72.8 343.2 536.8 178.8 0.513 

1969 
May 5 3.9 - 2.8 0.1 8.3 -4.5 1 3.6 7.0 827 .6 78 .0 533.1 674 .4 415.2 0.559 
June 30 11 .2 3.3 7.2 20.8 - 3.1 28 3.3 6.0 838 .2 68.0 537.2 657 .6 318.0 0.544 
July 31 7.5 1.6 4.4 14.3 - 2.8 157 3.6 8.0 835 .1 87 .0 371 .3 622.8 153.6 0.413 
Aug. 14 3.4 - 2.9 0 .2 13.1 -10.0 59 3.4 8.0 830.6 87.0 357.6 516.6 152.5 0.445 

DIVIDE STATION A (1963) AND DIVIDE STATION 8 11964- 1970) 

1963 
June 11 -0.4 - 10.9 -£.6 7.2 - 15.6 275 2.5 7.2 728.5 83.5 813.0 102.30 724.0 0.88 
July 31 4.1 -£.7 - 1.3 10.9 - 16.3 340 1.7 6.8 733.6 83.6 811 .0 985 .0 576.0 0.87 
Aug. 23 2.9 -£.4 - 1.2 10.9 - 15.1 356 2.7 6 .1 737 .7 81 .4 775.0 839 .0 571.0 0.87 

1964 
June 21 0.7 -£.8 - 3.0 5.6 - 10.5 53 2.7 7.4 739.8 762 .2 0.77 
July 31 1.5 -£.5 -2 .6 10.6 - 14.6 27 2.2 6.6 740.5 790.0 0.84 
Aug. 17 1.7 - 7 .3 - 3.2 6.1 - 11.1 13 1.7 7.0 740.5 672 .8 0.84 

1965 
June 26 - 2.6 - 12.1 -£.7 3.3 - 17.2 77 2.9 6.9 740.5 83.4 
July 31 3.1 -£.6 - 1.4 12.8 - 15.0 lOB 2.2 6.8 738 .2 88.6 
Aug. 8 7.9 -£.6 -0.6 10.0 -8 .9 23 2.5 4.3 743.0 74.8 

1966 
July 31 4.8 -3.9 0.0 11.1 -8 .3 B9 22 6 .2 742.9 85 .4 
Aug. 4 -0.7 -£.5 - 3.7 -0.3 - 7.2 T 3.5 8.8 743.6 96.6 

1967 
June 16 3.9 -4.0 -0.8 10.6 - 7.2 2.6 6.3 78.2 
July 31 2.9 -4.8 - 1.5 8 .3 - 10.0 3.0 7.3 77.8 
Aug. 20 2.3 -4.2 -1.4 5.2 -£.6 3.6 6.5 87 .0 

1968 
June 30 0.7 -8.1 - 3.1 8.3 -21.9 2.8 5.8 741 .9 86.3 
July 31 4.1 -4.7 -0.1 10.3 -9.4 2.0 4.7 739.6 90.2 
Aug. 16 4.3 -£.2 -0.9 7.8 -7 .2 2.2 5.3 741 .2 88.3 

1969 
June 20 7.2 - 3.3 1.4 14.0 -9.0 27 2.3 5.0 741.2 76.0 587.0 722.4 399.6 0.59 
July 31 3.0 -£.8 - 2.1 12.1 - 15.8 38 2.9 7.1 735.8 86.0 560.3 613.2 380.4 0.60 
Aug. 14 -0.8 - 10.1 -£.4 9.9 -21.1 56 3.0 8.0 730.7 88.1 500.7 592 .8 421.2 0.61 

1970 
June 3 -4.1 - 1.7 -7 .2 15 3.4 7.2 726.5 84.8 
July 31 -0.1 -7.2 - 3.9 4.4 - 20.4 19 2.9 7.0 730.2 86.9 
Aug. 3 - 3.8 0.6 -£.2 18 3.7 9.0 732.9 92.5 

DIVIDE STATION C 

1964

1 

June 18 -0.6 -5.1 - 2.9 3.2 -£.8 
July 31 0.6 -£.4 - 2.8 7.9 -8 .3 
Aug. 16 1.0 -£.4 -2.7 4.4 -7.9 

DIVIDE STATION D 

1964 I July 16 3.2 - 3.2 -0.6 12.9 -£.0 
Aug. 15 0.2 -£.6 -4.0 5.4 -10.2 

GLADSTONE-A (SOUTH SLOPE) 

1967 
July 22 10.8 3.6 6 .2 14.4 1.7 175 1.6 82.9 
Aug. 23 11.4 2.1 7.1 16.7 -0.8 18 2.0 74.0 

1968 
June 11 8.4 0.3 6.4 12.5 - 1.9 28 47 .9 493.9 779.1 299.0 0.496 
July 31 11.6 2.2 6 .3 16.7 -3.2 128 13.8 488.3 788.0 158.4 0.539 
Aug. 18 8.3 2.2 4 .8 10.8 0.6 44 84.9 391 .6 613.0 128.0 0.495 

GLADSTONE-8 (NORTH SLOPE) 

1967 I 
July 22 717 0.1 3.9 11 .1 -3.3 134 1.6 80.4 
Aug. : 23 11 .0 1.3 7.4 16.7 - 2.5 17 1.9 73.4 

1~ 1 12 8.2 0.5 2.3 12.9 - 1.6 22 2.2 61 .5 450.3 684.6 324.5 0.470 
July 31 11.2 2.5 5.8 16.7 -2.4 120 1.7 72.7 427 .2 673.7 152.8 0.457 
Aug. 19 8.7 3.4 4.3 12.7 0.6 40 2.5 78.3 336.7 524.8 122.9 0.400 
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Length Temperature (o C) 

Date 
of 

Mean Extreme record. Mean 
Mean (day,1 max . min . max . 

KASKAWULSH STATION 

,964 
July 
Aug. 

'965 
June 
July 

,966 
JulV 
Aug. 

28 
22 

30 
25 

27 
5 

8 .3 
7.5 

0 .9 
0.8 

2.8 - 3.7 
3.4 6.4 

9 .4 2.5 

4 .5 
4 .2 

0.4 
3 .7 

5.8 
3.6 

'4.5 
,0.2 

8 .8 
,3.3 

'2.2 
6., 

KLUANE LAKE (BASE CAMPI STATION 

,963 
June 
July 
Aug. 

,964 
June 
July 
Aug. 

,965 
May 
June 
July 
Aug. 

,966 
June 
July 
Aug. 

,967 
June 
July 
Aug. 

,968 
May 
June 
July 
Aug. 

,969 
May 
June 
July 
Aug. 

,970 
May 
June 
July 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

,97, 
Jan. 
Feb. 
Mar. 
Apr. 
May 
June 
July 
Aug . 

26 
3, 
24 

30 
3, 
24 

,8 
30 
3, 

9 

20 
3, 
20 

30 
3, 
24 

,3 
30 
3, 
,9 

5 
30 
3, 
,4 

8 
30 
3, 
3, 
30 
3, 
30 
3, 

3, 
28 
3, 
30 
3, 
30 
3, 
30 

, 3.5 2.6 8 .3 , 6.6 
17.4 6.9 '2 .2 22 .8 
17.8 4 .8 " .6 22 .8 

,5.8 5.8 , 1.1 23.7 
, 6.3 6 .6 ,1.3 23.' 
'5.3 5.0 ,0.4 ,9.3 

'2.0 - ' .3 5.6 ,6.7 
, 4.0 1.6 8 .3 20.0 
'6.9 4.8 ,2.2 25 .6 
2,., 4 .6 ,3.8 22.8 

,5.2 
17.2 
,5.5 

,9.2 
'5 .8 
,8.7 

,3.7 
,6.2 
17.2 

'7.' 
,3.7 
22.' 
,6.8 
'2.2 

9., 
'4.4 
'6.3 
'5 .4 
9.' 
~.2 

-5.4 
- ,5.6 

- 23.8 
-5. ' 
-5.4 

2.8 
9 .2 

'6.6 
25.6 
'6.8 

2.9 9 ., ,9.7 
6.3 , , .9 23.9 
2.8 9 .7 20.0 

3.7 
5.7 
5.0 

0.9 
3.9 
5.2 
6.3 

'.4 
6.3 
5.6 
3., 

0 .6 
3., 
5.5 
3.8 
~.4 

- 7.5 
- ,3.6 
- 26.0 

- 33.3 
- ,9.6 
- 20.5 

'-8 .3 
- 2.4 

3.2 
6.0 
3.7 

'2.5 
,1.6 
,2.0 

7.7 
,0.2 
'2.2 ,'.9 
8 .7 

,3.8 
"., 
7.8 

4.4 
8.8 

,0.9 
9.6 
4.3 

- 3.8 
~.4 

- 20.8 

- 28.6 
- ,2.7 
- ,4 .4 

- 2 .8 
3.4 
9 .9 ,3.' 

'0.' 

25.' 
21.6 
22.4 

,9.6 
2'.6 
24.' 
22.2 

,6.3 
30.9 
2' .9 
,9.7 

,5.6 
,7.8 
23.9 2, ., 
'4.4 
,3.3 
9.4 
3.9 

2.8 
6.7 
' .7 
8 .3 

'5 .0 
22 .2 
25.6 
26.7 

MT. LOGAN STATION 

,968 
2 July -
2 Aug. 3, - ,0.8 - 22.2 - ,7 .2 - 3.4 

'969 
28 June-
29 July 3, - , 1.2 - 23.9 - 17.4 - 3.6 

'970 
24 June-
24 July 30 ·- ,5.' 25.4 - ,9.9 -6.9 

RUSTY GLACIER STATION 

,967 
July 
Aug. 

,968 
July 
Aug. 

3, 
,6 

25 
,6 

5.8 
7.4 

6 .78 
7.06 

0.4 ,., 
0.50 
0.22 

2.6 9 .7 
3.4 ,6.8 

3.00 8 .89 
2.94 9 .33 

Extreme 
min . 

- ' .2 
- ' .0 

- ,0.0 
- 2.2 

0 .0 
- ' .0 

- , .,0 
8 .60 
~.55 

2.60 
3.35 
1.40 

- 7.2 
- 2 .2 -,., 

2.8 

-'.2 ,., 
0.3 

~.6 
0 .0 
~.4 

-2.5 
- '.2 

1.9 
3.3 

-' .4 
0 .9 

-1.' 
-'.8 

-2.2 
~.6 

1., 
~.6 

- ,0.6 -2,., 
- 25.0 
-43.3 

-48.9 
- 36.7 
-41., 
- 23.3 
-5.7 
- 2 .2 

0.0 
0.' 

- 28.3 

- 26.6 

- 34 .2 

- 3 .6 
- 3 .8 

- 3 .39 
'.94 

Precipitation 
(mmH,O 

equivalent) 

29 
2 

6 
,3 

2 
T 

3, 
44 

7 

22 
34 
32 

2 
34 7, 
T 

66 ,4 

24 
,8 
9, 
5, 

o 
,8 
46 

9 

25 
3, 
46 
,6 
,8 

" 23 
3 

3 
3 , 

,4 , 
38 

6 
54 

50 

75 

30 

220 
17 

71 
23 

W ind 

'peed 
(m/secl 

2 .6 
3.0 

4 .6 
4.2 

2 .7 
2.8 
2 .5 

2.2 
2.0 
'.7 

3 .0 
3 .6 
3.0 
2 .2 

2 .2 
2.' 

2.8 
2 .6 
2 .9 

2.2 
2 .5 
3.4 
3.2 

2 .0 
2.' 
3.8 
5 .2 

5., 
2.2 
2.0 
2.2 
2.9 
3.5 
4.3 
2.2 

3.3 
2 .6 
3.5 
3.4 
3.5 
2 .5 
2 .4 
2 .2 

3 .4 

2 .6 

3 .9 

2 .' 
2.2 

1.3 
1.5 

Cloudiness 
(tenth, ,ky 

domel 

6 .0 
6 .9 

5.9 
6 .6 

6 .8 
6.4 
4 .2 

6 .9 
6 .7 
7.0 

4 .4 
6 .0 
6 .5 
4 .9 

4 .9 
5.4 

5 .' 
6.9 
6 .2 

5 .5 
6.' 
6 .3 
5.9 

7.0 
6 .0 
7.0 
8.0 

5.6 
6 .2 
6.5 
5.6 
6 .0 
5.9 
6.0 
5.2 

4 .3 
4 .6 
4 .5 
5.2 
5 .8 
5 .3 
5.6 
5 .4 

6 .0 

4 .9 

6 .6 

7.9 
6.5 

6.7 
5 .5 

Pressure 
(mill i· 
barsl 

B24.4 
855 .7 

9,9.8 
922.4 
926.' 

926.6 
926.2 
926.7 

922 .5 
9,8 .9 
925 .8 
926.4 

9'9.8 
924.5 

922.4 
923 .3 
923.0 

922.5 
922.8 
926.8 
'927 .8 

917.' 
923., 
921.3 
9,8 .5 

922.4 
9,8 .9 
920.' 
9,8.7 
9,6.8 
923.8 
92' .4 
9,4.8 

922.7 
9" .3 
9'2.3 
9,3.0 
917 .5 
9'9 .9 
926.9 
9'7 .5 

528.6 

5".5 

505.6 

780.' 
786.0 

Relat ive 
humidity 

(%) 

75. , 
79 .3 

76.2 
81.6 

76.2 
70.2 

60.0 
71., 
65.0 

65 .2 
79 .8 
78 .7 

66.7 
55 .9 
63.8 
52 .9 

80 .' 
69.9 
71.6 

53.0 
73.1 
61.0 

67 .0 
59.8 
70.5 
76.0 

5'.0 
57.0 
73.0 
74.0 

64.6 
6' .0 
6' .8 
62.2 
80.5 
83.8 
85.4 
83.3 

79.0 
79. ' 
74.9 
64.9 
55.8 
57 .0 
60.3 
67.9 

73.0 

86.9 

71.2 
68 .5 

81 .7 
8, .3 

Mean 

5'4.' 

602 .5 
533.8 
5OS.8 

574 .0 
531 .0 
435 .0 

623.0 
595 .0 
539 .4 
443.' 

428 . ' 
471.2 
387 .8 

478 .5 
474.6 
407.7 
344.4 

485.7 
502 .6 
429.7 
355.9 
227.0 

78 .3 
9.6 
4 .7 

9 .2 
9' .8 

225.7 
339.5 
480.0 
502. ' 
476.9 
383.9 

802.4 

744 .2 

678 .4 

\ 442 .7 

I ~" 

Insolation (langleys) 

Extreme 
max. 

657 .2 

807 .6 
768 .0 
674 .4 

758.4 
747.6 
628 .6 

692.4 
80'.6 
702 .0 
555.6 

6'4.6 
606., 
572.' 

568 .8 
622 .8 
547 .2 
441.6 

6,8 .0 
651.0 
570.0 
492.0 
333.0 
238.0 

36.0 
30.0 

33.0 
,68.0 
473.0 
53'.0 
585 .0 
639.0 
582 .0 
483 .0 

945.2 

993.4 

8,1.0 

683.0 
577 .0 

Extreme 
min. 

223.2 

268 .8 
2,8.4 
17'.6 

263.2 
260.4 
,,8.6 

4'0.4 
409.2 
'23.6 
208 .8 

'27 .9 
254.8 
,24.4 

342.0 
301.2 
,81.2 
201.6 

3,8.0 
252 .0 
'23.0 
,56.0 
45 .0 

6 .0 
0 .0 
0.0 

0 .0 
'2 .0 

'OS.O 
,56.0 
378.0 
237 .0 
273.0 
222.0 

550 .5 

566.4 

507 .0 

290.0 
279 .0 

25 

Q,IQ., 

0.54 

0.6, 
0 .57 
0 .65 

0.58 
0 .57 
0 .57 

0 .68 
0.60 
0 .58 
0 .54 

0 .45 
0 .48 
0 .4' 

0 .50 
0 .48 
0 .44 
0 .43 

0.56 
0.52 
0 .47 
0 .48 
0 .45 
0 .28 
0 .08 
0 .,0 

0 .'2 
0 .46 
0.56 
0 .52 
0 .55 
0 .52 
0 .52 
0 .52 

0 .88 

0 .78 

0 .70 

0 .47 
0 .60 
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Length Temperature (oCI 
Precipitat IO n Wind Cloudiness Pressure Relative 

Insolation (langleys) 

Date 
of 

(mmH , O speed {tenths sky (milli· humidity 
record. Mean Mean 

Mean 
Extreme Extreme 

equ ivalent ) (m/secl dome 1 barsl (%1 Mean 
Extreme Extreme 

Cls/Ot-(daysl max . min . max. min. max . min. 

SEWARD STATION 

1964 
June 13 3.1 - 2.6 -{J.3 7.8 -5.6 43 2 .1 9 .1 810.4 85 .0 
July 31 6.4 -{J.9 2.4 12.2 -4 .5 25 1.5 5.9 808 .3 89 .9 
Aug . 14 6.4 - 1.3 2 .2 11 .1 - 3 .0 26 1.2 7.6 810.3 83.6 

1965 
Ju ly 18 8.4 -{J.6 2 .8 15.6 -4.4 15 1.2 8 .0 814 .0 88 .8 520.0 750.0 278 .0 0 .57 

TERMINUS STATION 

1963 
July 16 17.6 6.4 11 .2 25 .6 3 .9 64 .0 
Aug. 13 19.9 6.0 12.2 27 .2 0 .6 62 .0 

1964 
June 19 14.0 1.3 7.1 18.9 -{J.9 
July 31 16.2 3.6 9 .6 22 .3 1.0 
Aug. 18 15.7 2.4 8 .7 17.7 0 .2 
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M icro- and Topo-climatology: The Case of an A lpine Pass, 

Chitistone Pass, Alaska· 

Anthony J. Brazelf 

The field of climatology is beset by spatio-temporal 
enigmas which have yet to be well understood for many 
environments (Nat. Center for Atmospheric Res., 1964). 
The problems of understanding space and time varia
tions of climatic elements are accentuated in alpine 
areas and over sloping terrain, where presumably sharp 
spatial variations of climatic conditions are the rule 
rather than the exception (Koch, 1965; Sekiguti, 1965; 
Schroeder, 1960). 

Only recently has intensive interest been nurtured in 
geography on the correspondence between varying 
microclimate and topographic parameters. Thornth
waite (1954) labeled this correspondence 'topoclima
tology.' General climatic conditions have been investi
gated in relation to topography, and there is a weal th 
of literature on these subjects. The majority relate to 
temperature, wind, precipitation, and radiation varia
tions with elevation. Few studies, particularly in al
pine-periglacial environments, have attempted to mea
sure all energy-balance components as they vary spa
tially over the terrain. 

This paper reports part of the results from a study 
which attempts to identify the relationships between 
micro- and topo-climate in a periglaciallandscape set 
in a high mountain pass (1774 m), whose axis is ori
ented SW-NE. The investigation was conducted during 
the field seasons of 1967 and 1968 at Chitistone Pass 
in the Wrangell Mountains, Alaska (61°35'N, 142°W), 
an area transitional to the Yukon interior and the Gulf 
of Alaska. The field program was carried on only during 
the short summer season-late May to early August
when the surface is exposed to the atmosphere and the 
snow blanket has disappeared. 

The results of the investigation (1) present raw mete
orological data for a high latitude alpine location, (2) 
demonstrate the scalar relationship between microcli
mate and topography in an alpine-periglacial environ
ment, and (3) provide insights into assumptions (for 
alpine areas) concerning generally accepted theoretic 
and empiric models at micro- and topo-scales in 

*This is a modified version of an article which appeared in Inter
national Geography, 1972, edited by W. P. Adams and F. M. 
HeIIeiner, University of Toronto Press (1972), Vol. I, pp. 133-
135, and is reprinted here with permission. 
tDepartment of Geography, University of Windsor, Canada 
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climatology. The primary aim is to suggest whether topo
climate variables-such as slope, aspect, surface composi
tion, subsurface properties, and elevation-generate sig
nificant variations of individual components within the 
energy balance across alpine-periglacial terrain. This 
paper summarizes results of (2) above. 

A full energy-balance instrument-complex was main
tained at several sites representative of extremes in topo
climatic conditions encountered across the pass. A fuller 
network of temperature recorders at 1.5 m above the 
interface was employed at sites above and below the pass 
elevation. Topographic conditions most prevalent in the 
pass are: (1) flat surfaces of moss-lichen vegetation; (2) 
34° SE-facing slopes of willow and dry as vegetation; and 
(3) 28° NW-facing slopes of highly weathered, unvege
tated basalt scree material. Weather conditions, when ad
vection was minimal, were selectively sampled. A first
order weather station was maintained at the pass for 
three months of the summer season. 

The basic results are listed below: 
(I) Phase-amplitude relations between global radiation and 
recorded surface temperatures across the terrain are highly 
correlated for clear-sky conditions. 
(2) Cloudy-sky global radiation is dominated by the diffuse 
components and reduces both temperature and radiation spa
tial variations across the terrairt. 
(3) Mean daily global radiation. totals are not significantly dif
ferent for slope angles ranging from 0° to 34° . 
(4) The major spatial variations of daily net global radiation 
occur between bare scree and tundra surfaces. 
(5) The daily trend of counterradiation differs between flat 
and sloping terrain in approximate relation to Kondrat'yev's 
cosine function (Kondrat'yev, 1965). 
(6) Terrestrial radiation (a function of surface temperature) 
differs diurnally at different locations, but not for longer 
time-averaged periods. 
(7) Nighttime net radiation shows little variation spatially, 
but daytime net radiation is significantly different for diverse 
surface covers. 
(8) There is very little heat storage in the active layer above 
the frozen ground, as most of the heat is consumed in the 
thawing of frozen ground. 
(9) There is relatively little spatial variation in the subsur
face heat flux, even though the subsurface thermal proper
ties (thermal diffusivity and heat capacity) are considerably 
different. This is because of the offsetting effect generated 
by variations in net global radiation. 
(10) Sensible and latent heat fluxes were determined using 
Bowen Ratio and aerodynamic methods. Evaporation con
sumes most of the net radiant heat available at the tundra 
interface. This occurs because of the extreme moistness of 
the active layer during most of the summer, due to the prox· 
imity of moisture-laden air masses from the Gulf of Alaska. 



(:: 1) Differences in the surface cover, rather than slope and 
slope-orientation, produce significant spatial variation in the 
d.lily latent heat exchange. 
(12) Few cases of significant spatial variations in sensible 
h: at exchange were observed. Temperature gradients in the 
air, Richardsoll numbers, and aerodynamic roughness lengths 
were not found to be significantly different between measure· 
m ~nt sites for most sampling periods. Days of strong solar 
heating of the surface generated differences between bare 
scree and vegetated surfaces, but these conditions were infre· 
quent. 
(13) There is a strong relationship between evaporation and 
net radiation. Intercept and slope values of the linear regres· 
sion lines are similar to those found elsewhere in an alpine 
tundra environment (Terjung, et al., J 969). 

Mean daily spatial variations in energy-balance com
ponents at a high latitude alpine pass appear to be gen
erated by different surface covers, more than by changes 
in slope and slope orientation (aspect). Diurnal phase
amplitude relations of various components are governed, 
however, by site slope and aspect". 
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Surface Heat Exchange at Chitistone Pass, Alaska· 

Anthony J. Brazelt 

ABSTRACT. The heat balance at the tundra interface is examined using summer season micro climatic data 
from Chitistone Pass, Alaska. Three short-term weather 'periods were chosen from the summer season of 1968 
for analysis of the thermal conditions at the air-vegetation-soil interfaces. A set of thermo-isopleth diagrams 
display the need to consider a variety of weather events and conditions, rather than only the ideal (clear day) 
weather situation. Tabulated energy-balance results show that for this location, transitional between the 
marine exposure of the Alaskan coastline and the dry continental interior of the Yukon, insights into the 
surface energy-balance climatology can be gained only when diverse synoptic events are considered. The clear, 
calm condition is the exception and not the norm for this location. 

Introduction 

In terms of environmental processes operating in the al
pine landscape, one of the climatologist'S major purposes 
should be to assess the frequent intraseasonal variability 
of weather conditions, and the response of the surface 
energy balance to these changes. It is unfortunate that 
most high mountain locales are deficient in detailed cli
mate observations with which to make analyses of micro
scale energy and moisture exchanges as they are linked to 
mesoscale and macroscale climatology. This is under
standable in terms of the instrumental and logistical im
positions placed on the investigator working in inacces
sible and difficult terrain. 

In an attempt to remedy this situation, detailed inter
disciplinary environmental studies have been conducted 
by the Arctic Institute of North America in the Chiti
stone Pass region of Alaska (Plate 2).1 Chitistone Pass 
(1774 m) is located transitional to the moist marine 
coastal zones of the Gulf of Alaska and the dry conti
nental interior of the Yukon (Watson, 1959). Field in
vestigations accomplished during the three summer field 
seasons 1967-1969 included studies in climatology, 
glaciology, hydrology, botany, and geomorphology. This 
paper focuses on one facet of these interrelated investi
gations-the analysis of surface energy-balance charac
teristics at one of the project's five microclimate research 
stations. 

Preliminary Results 

Station 1 (Plate 2) is chosen to illustrate the surface 
energy-balance components during three selected weather 
situations for the summer season of 1968. Table 1 sum
marizes daily weather during the three periods. The 
microclimate site is located over a moss-lichen turf 10-15 
cm thick. Subsurface material at this site is composed of 

*This report has previously appeared in the Proceedings, As
sociation of American Geographers, Vol. 2, pp. 26-30 (1970), 
and is reprinted here with permission. 
tDcpartment of Geography, University of Windsor, Canada 
I Plate 2 is a map inside the back cover of this volume. 
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basalt detritus varying in texture from sands to gravels. A 
thin organic layer occurs at 15-cm depth. The site is lo
cated in the lower pass area on a flat and relatively uni
form surface. Table 2 and Figures 1-3 illustrate the 
energy conditions for the three selected periods. 

During Period I the weather was clear, calm, and as
sociated with a high-pressure ridge over the western Yukon 
and British Columbia area. During Period Il, a low-pres
sure system from the Gulf of Alaska crossed the moun
tain barrier, bringing wet, cloudy, and stormy weather. 
Period III was a more complex synoptic situation; cloud 
cover, precipitation, and wind were highly variable 
throughout the period. 

Prior to Period I, a deep thaw occurred as the snow 
blanket disappeared and the tundra surface was exposed. 
The depth to frozen ground during this period was 80 cm. 
Figure 1 shows the time-height variation of temperature 
from 80-cm depth to 250 cm in the air for this period. 
Extreme surface heating of the exposed tundra surface is 
illustrated. The propagation of a typical diurnal heat wave 
took place, accompanied by a large temperature lag with 
depth; after midday large positive net radiation values 
were recorded. The mean three-day noon net radiation 
was +0.70 ly/min. The 4°C isotherm, for example, pro
gresses downward in the active layer over the three days, 
and also reflects diurnal influences. The temperature 
gradient is extremely large from the surface to 10 cm
the approximate location of the moss-lichen/soil inter
face. This has been shown for a tundra surface by other 
investigators (for example, Terjung, et al., 1969; Ahrns
brak, 1968). The temperature decrease in this 10-cm 
layer averages about 12°C, considerably lower than 
Terjung measured in the White Mountains of California 
(Terjung, et al., 1969). The air in contact with the tundra 
surface is heated considerably, as depicted by the close 
packing of the air isotherms in both height and over 
time. For this period, radiation is the major heat input 
at the tundra interface. The mean daily value is 2411y/ 
day (Table 2). The distribution of heat into soil-vegeta
tion heat flux, sensible beat flux, and latent heat flux 
indicates that most of the heat provided by radiative 
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TABLE 1. Selected Weather Observations, Chitistone Pass, 1968*. 
Mean Daily Values are Given. 

Pressure 
Temperature at 250 cm (oC) 

RH Precip. Wind speed Cloud 
Date (mbs) (%) (in.) (mph) and cover 

min. max. mean direction (10ths) 

Period I (clear, calm) 

July 20 821 .0 6.50 12.00 9.06 64 0.01 3.0/NE 5.7 
July 21 826.6 5.25 12.25 9.34 65 0.00 3.0/NE 3.2 
July 22 826.6 2.00 13.00 9 .91 55 0.00 calm 2.6 

Period II (wet, cloudy) 

July 28 820.6 2.75 7.25 4.91 60 trace 7.3/SW 7.0 
July 29 820.8 0.25 4.50 3.29 85 trace 8.5/SW 9.9 
July 30 821.1 2.50 6.00 3.75 90 0.36 1.0/SW 9.2 
July 31 819.4 2.13 5.50 3.28 95 0.17 10.0/SW 9.2 

Period III (dry, cloudy) 

Aug. 9 820.6 4.75 10.50 7.41 70 trace 7.5/SSW 5.9 
Aug. 10 819.3 3.75 8.75 6.42 70 trace 6.8/SSW 6.0 
Aug. 11 817.4 4.25 10.25 7.56 64 0.00 4.5/variable 5.3 

·Weather data were taken from Kolberg and Brazel (1969), Probabilities given in the text for differ
ent weather conditions were computed using data from Marcus, et al. (1968), Kolberg and Brazel 
(1969), and project files for the 1969 field season . 

processes is converted into a sensible heat loss from the 
interface (160 ly/day on the average) . Based on the cal
culation of the subsurface heat flux (determined for the 
surface to 30 cm), a very small percentage of heat re
ceived at the top of the vegetation layer is conducted to 
depths greater than 30 cm. The period mean is only 11 
ly/day. 

Period II shows different relations. A very minor heat 
wave is experienced with depth (Fig. 2) . More uniform 
thermal conditions exist in the active layer, with little 
temperature change with depth and time. Rainfall and 
infIltration of water in the active zone aids in diminish
ing strong thermal gradients in the subsurface layer. The 
air layer adjacent to the tundra surface shows frequent 
isothermal conditions. Surface heating is much less than 
during Period I. The 4°C isotherm, which appeared con
tinually and well below the 20-cm level in Period I, now 
appears well above that level, indicating cooling with 
depth during the middle of Period 11. Computations of 
the energy balance indicate a very high percentage of 
sensible heat loss. This is primarily due to advective pro
cesses. Net radiation composes a smaller proportion of 
the heat gain during this period, and averaged only 114 
ly/day-half as much as during Period I. 

The variable weather situation of Period III results in a 
different thermal condition both in the active zone and 
in the air near th~ ground (Fig. 3). From the moss
lichen/soil interface to 80-cm depth, a diurnal heat wave 
is once again indicated, but not to the extent observed in 
Period I. Sensible heat losses averaged very low, and ex
plain the reduced heating of the air adjacent to the sur
face. Note the more horizontal trend of the 4 ° C isotherm 
in the subsurface layer, and the smaller temperature range 
diurnally and with height. Most of the energy provided 
by net radiation was utilized in evaporation of surface 

water which was supplied from the previous storm 
period. 

For the three summers of record, the probability of 
each set of the three selected weather conditions ranks 
high for Period 11, medium for Period III, and low for 
Period I. Based on grouping wind speed, wind direction, 
and cloud-cover data recorded at the general meteoro
logical research station in the lower pass, there is a 50% 

TABLE 2. Heat Balance at the Tundra Interface, 
Chitistone Pass, Station 1, 1968. Mean Values 

are Given in Langleys per Day. 

Period 

I (July 20-22) 
II (July 28-31) 

III (Aug. 9-11) 

+241 
+114 
+171 

B 

-11 
-11 
-3 

S 

-160 
-175 

-2 

L 

-70 
+72 

- 166 

Note: Rn = net radiation; B = vegetation-soil heat flux; S = 

sensible heat flux; L = latent heat flux. The energy balance 
for the tundra interface can be given asRn =B +S +L 
(Terjung, et aI., 1969; Geiger, 1966; Ahrnsbrak, 1968) . 
Positive values (gains) indicate heat flux to the interface; 
negative values (losses), heat flux away from the interface. 
For the above table, net radiation was measured directly 
with a net radiometer. Sensible heat flux was calculated 
with a modified Lettau sensible heat-flux equation (Let
tau, 1957). The subsurface heat flux was determined with 
a simplified approximation of the soil heat flux equation 
(after Johnson, 1954). A value of 0.6 is assumed for the 
volumetric heat capacity of the mOSS-lichen/sandy soil 
layer from O-cm to 3O-cm depth-conditions similar to a cen
tral Canadian site (Ahrnsbrak, 1968). The latent heat is 
considered as a residual term in the equation. It is under
stood that this equation is perhaps an oversimplification 
(Benninghoff, 1968). Photosynthesis and metabolism 
rates should also be considered in the energy balance of 
the vegetation-soil active layer_ For simplicity, these 
factors are not considered here. 
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Fig. 1. Isotherms of soil, vegetation, and air , July 20- 22 , 1968 
(clear period). 

chance of winds from the southwest (in alignment with 
the configuration of the Pass) associated with thick cloud 
cover and high relative hurnidities. This suggests a marine 
component in the general climate of this area, and is sub
stantiated by the discussions ofWatson (1959) and 
Streten and Wendler (1968) for this southern Alaskan 
region. There is a low probability (20%) of winds from 

Fig. 2. Isotherms of soil, vegetation, and air , July 28-31, 1968 
(wet, cloudy period). 
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Fig. 3. Isotherms of soil, vegetation, and air, August 9-11,1968 
(dry , cloudy period) . 

the northeast (of low to moderate force) associated with 
little cloud cover. Variable wind velocity and direction 
associated with varying cloud conditions has a proba
bility of 24%. The probability of clear, calm conditions 
is only 6%, that is, weather similar to Period I. 

Conclusion 

A number of questions are raised by these results, and 
remain to be investigated for high mountain locations. 
Seasonal storm-frequency variations and variations from 
one year to the next, in a location of this transitional 
nature, could significantly influence the course of the 
surface energy and moisture exchanges at the tundra 
interface. Geiger (1966), Terjung, et al., (1969), and 
Ahrnsbrak (1968), among others, have considered the 
tundra environment as one of the most extreme in heat
flux exchanges on the globe. Period I confirms these ob
servations, but the nature of the regional climate can 
considerably modify the energy-flux characteristics. 
Determination of a one- or two-day heat balance under 
clear weather conditions expresses the exception and 
not the norm for locations like Chitistone Pass. 

Streten and Wendler (1968) showed, for a 16-day 
investigation on the Worthington Glacier nearValdez, 
Alaska, that persistent cloudiness and moist marine 
flow marked the energy regime of that glacier. 
This would appear to be the case for the more inland, 
higher alpine zone of Chitistone Pass based on a three
year summer It;cord. 



32 

Factors such as changes in elevations, differences in 
active-layer composition, slope angle, slope aspect, and 
mountain orientation are equally important consider
ations and are under investigation for the Chitistone Pass 
study area. However, only when such data are combined 
with a meso- and macro-scale clima tology, can we better 
understand the seasonal surface energy and moisture 
regimes . 
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The Observation and Simulation of Diurnal Surface 

Thermal Contrast in an Alaskan Alpine Pass* 

Ant/lOllY J. Brazelt and Samuel f. Outcal t 

ABSTRACT. A simple surface·cl imate simulator was employed in the analysis of thermal· regimes in rough 
alpine terrain at Chitistone Pass, Al aska. The simulator favorably abstracts ob servations of thermal regimes on 
flat and sloping surfaces with variable thermal and radiative properties. It is shown that slope and exposure 
control variations in surface thermal regimes. The simulator predicts these controls and it is suggested that 
simu lation of surface thermal regimes can be performed before and after field investigations, thus increasing 
the effective information content of thermal maps acquired using aircraft and orbital platfor ms. It is con
cluded that the removal by spatial filtering of the low- frequ ency effec ts of slope and exposure on th,' rmal 
maps is ne cessary before si te material effects can be discriminated and analyzed. 

Introduction 

The water content and the physical nature of the near
surface soil are strongly reflected by the spatial variation 
of the phase and amplitude of the surface thermal regime 
(Outcalt, 1972a). As the suitability of construction sites 
and the ability of men to move material overland is 
strongly governed by these conditions and their variability 
during the annual march of weather, sequences of ther
mal mapping during a diurnal clear-weather cycle should 
yield valuable reconnaissance information. However, in 
areas of high local relief these effects are masked by the 
effects of slope and exposure. I t is thus of primary im
portance to demonstrate the degree to which these ef
fects mask that portion of the surface thermal response 
produced by material variation. To this end field and 
simulation experiments have been carried out to examine 
the magnitude of these effects. 

One of the purposes of the High Mountain Environ
ment Project (HMEP), supported by the Arctic Institute 
of North America and funded by the Army Research 
Office, Durham, North Carolina, was to investigate micro
climate variations in alpine tundra terrain in 1967-1969 
at Chitistone Pass, Alaska (see Plates 1 and 2).1 Field 
data are available to investigate surface thermal regimes 
and simulation potentials for the task mentioned above. 

Three types of climatic data were gathered at Chiti
stone Pass: (a) general three-hourly wea ther data from a 
first order station in the pass, (b) microclimate data from 
five sites within the pass (see Plate 2), and (c) temperature 
data from thermographs placed in valleys and on slopes 

*This pape r has previously appeared in Archill fur Meteor%gie, 
Geophysik und Biok/imat%gie, Series B, Vo!. 21, pp. 157-174 
(1973), and is reprinted here with permission. 
tDepartment o f Geography, University of Windsor , Canada 
:j:Department of Geography, University of Michigan, Ann Arbor 
I Plates 1 and 2 are maps inside the ba ck cover of this volume. 
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near the pass. The fiv e microclimate sites were positioned 
at loca tions with varying topographic, radiative, and ther
mal conditions. Site horizons, slope angles, and exposures 
varied among the sites and are illustrated in Figure 1. 

Thermal, topographic , and radiative properties of the 
five sites in the pass were investigated and were correlated 
with thermal-regime behavior (Brazel , 1972). The obser
vational findings are discussed below and provide ground 
truth information to compare with a surface temperature 
equilibrium model (Outcalt, 1972b) in explaining ther
mal-regime behavior for complex alpine terrain. The ob
servational findings suggest a strong overriding slope and 
exposure control of the surface thermal regimes. The 
surface-climate simulator indicates similar regime be
havior and suggests that the simulation of surface ther
mal regimes can be performed before and after field in
vestigations to increase the effective information con
tent of thermal maps acquired using aircraft and orbital 
platforms. 

Observational Findings 

Investigations conducted at Chitistone Pass in 1967 
and 1968 identified the relationships between site ther
mal regimes and environmen tal variables controlling 
them. These relationships are summarized considering 
the thermal regimes as responses to incident radiation 
and site property effects (Brazel, 1972). Six thermal 
characteristics were analyzed: (a) surface diurnal mean 
temperature , (b) surface diurnal temperature range, (c) 
surface maximum temperature, (d) -IO-cm soil diurnal 
mean temperature, (e) -IO-cm soil diurnal temperature 
range, and (f) -10-cm soil diurnal maximum tempera
ture. All temperatures were measured for 21 diurnal 
periods every 20 minutes with contact thermocquples 
manufactured by C. W. Thornthwaite Labs, Ccnterton, 
N.J. At all sites the surface and -IO-cm temperatures 
were recorded and at Site 1, five levels were 0 bscrved 
in the active layer. 
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Fig. 1. Site horizon charts for June 23 (<>--<» and August 12 (.- . ). Slope and exposure, in degrees, are given at the lower le ft of each 
diagram. 

The six responses for each of the five sites were com
pared with site properties. The site properties may be . 
classified under three headings: (a) thermal, (b) radiative, 
and (c) topographic. In the field study the specific prop
erties under these three headings which were related to 
the five site's thermal regimes were (Brazel, 1972): 

(a) thermal: volumetric heat capacity, thermal diffusivity, 
depth to zero degree plane; 
(b) radiative: albedo, emissivity ; 
(c) topographic: slope, ~xposure, site horizon , roughness 
length. 

A rank correlation analysis indicated that the surface 
thermal regime is more sensitive to slope and exposure 
than site thermal and radiative property effects (see 
Table 1). Also, as indicated by Table 2, slope and expo
sure amplify thermal contrast in clear weather (note the 
large increases for T max and Trange for the slope stations). 

The general results of this analysis suggest that slope 
and exposure override site property effects such as sub
strate heat capacity, thermal diffusivity, and moisture 
content. However, the rank correlation analysis and 
thermal regime data suggest secondary controls by these 
properties on terrain temperatures and also on substrate 
(-10 cm) temperatures. 

To demonstrate the degree to which slope and expo
sure mask the site material effects, the surface-climate 
simulator (Outcalt, 1972b) can be employed. The model 
can be used to simulate thermal responses at these five 
sites, given: (a) all property effects (topographic, ther
mal, and radiative), and (b) just the thermal and radia
tive effects (that is, varying thermal diffusivity, moisture, 
heat capacity, and albedo) and allowing the sites to be 
abstracted onto a flat surface. In this manner, the 

TABLE 1. Spearman's Rho Rank Correlation of Thermal Regimes Versus Site 
Properties for Clear Weathera 

Site properties 
Thermal response 

Qmax 
b 

Qtot 
b GCc GDc c albedod 

Xw 

T max 
e 0.90' 0.90' 0.30 0.30 0.80 0.50 

Lange 0.90' 0.90' 0.30 0.30 0.80 0.50 

T 0.90' 0.90' 0.30 0 .30 0.80 0.50 

T - 10 max 0.50 0 .50 0.60 0.40 0.60 0.70 

I- 10 range 0.90' 0.90' 0.00 0.30 0.70 0.10 

T- 10 0.50 0.50 0.60 0.40 0.60 0.80 

aThe table is a matrix of correlation coefficients computed by the Spearman's Rho rank corre· 
Iftion technique. T represents the surface temperature, and ·L 10 the -:-10 cm temperature. 

Qmax and Qtot are the maximum Iy/mln and dally total solar radiatIOn at the surface . 
cSee text for how these properties were derived. 
dAlbedo is relative to the local surface. If on a slope, it is relative to the slope. 
e All temperatures measured with Cu-Const thermocouples. 
'Coefficients are significant at the 0.05% level. 
N.B.: Site horizon, emissivity, and roughness length are not included. The error halo for emis
sivity and roughness length is equal to relative differences observed among the sites and hence 
these variables are not included in the analysis. 
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TABLE 2. Thermal Response to Changing Weathera 

(Clear-Cloudy Day) 

Site Tmax 
b 

1'range 'f 

1 6.6° C 6.2° C 3 .2° C 
2 7.4 7.4 3.0 
3 10.2 8.7 3.6 
4 16.5 15.5 6 .8 
5 8.0 8.4 3.8 

aFor clear weather August 4,1967 was used. For cloudy weather 
August 8,1967 was used. For Site 5, the 9th of July cloudy period 
and the 21st of July clear period, 1968 were used. 
bT represents the surface temperature . 

magnitude of the masking effects of slope and expo
sure can be estimated. An additional task is to test the 
simulator in rough terrain. The structure of the simula
tor is sketched in the following section. 

The Climate Simulator 

The operation of the general simulator is based on the 
energy-conservation equation which states that the four 
components of the energy budget (net radiation R, soil 
heat flux S, sensible heat flux H, and latent heat flux L) 
must have a zero sum across a surface: 

R +S + H +L = O. (1) 

Each of these terms is a complex function of the environ
mental variables which specify the thermal and radiative 
properties of the atmosphere and substrate media, and 
of the topographic effects at a location. At any instant 
in time, these components may be represented as func
tions of a limited set of environmental variables and 
physical constants. These controlling variables are listed 
with their notation in Table 3. 

The components of the energy-budget equations can 
then be written in terms of these variables and the sur
face temperature (To) as follows: 

R = f(LAT,DEC,D,R,ALBEDO,W,P, TSKy,To). (2) 

If the assumption is made that the soil temperature at 
the diurnal damping depth is approximately equal to the 
mean air temperature then: 

S = f(CC, CD, TA, To)· (3 ) 

The turbulent transfer terms which ·are corrected for 
stability using the Richardson Number may be expressed 
as: 

H = f(U, ZO,P, TA , To} . (4) 

L = f(U, ZO, P, RH, SRH, TA, To). (5) 

Note that in all of the above equations after specification 
of the input variables the surface temperature is the only 
unknown. The soil-temperature profile is allowed to 
evolve by calculating a finite difference solution of the 
thermal-diffusion equation using the soil thermal solu
tion from the preceding step. After the new soil thermal 

TABLE 3. Environmental I nput Variables 

Station pressure P 
Latitude LA T 
Solar declination DEC 
Dust particles D 
Orbital radius vector R 
Surface albedo ALBEDO 
Precipitable water vapor W 
Sky radiant temperature TSKY 
Mean air temperature TA 
Mean air relative humidity RH 
Mean wind speed U 
Soil thermal diffusivity CD 
Soil vol. heat capacity CC 
Surface roughness length 20 
Soil surface wetness SRH 
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profile is calculated the soil heat flux is actually calcu
lated from the uppermost soil temperature level in place 
of TA. 

At each step through the diurnal cycle the solar radia
tion incident on a surface may be calculated for a clear 
day by means of a subroutine. Subroutines are also in
cluded to calculate specific humidity gradients, to fix the 
free-air computation level and correct the thermal pro
perties of the atmosphere for stability. A sequence of 
approximations to the surface temperature are entered 
into the equation for the energy exchange until the 
equation approaches zero. The equilibrium surface 
temperature is that temperature which produces a suit
ably small residual in the energy-balance equation (for • 
example, 1 mly/min). Then all the components of the 
energy-transfer regime (R, S, H, L) and the soil-temper
ature vector are equally close approximations and the 
next iteration begins with a forward solution of the 
finite difference form of the soil thermal-diffusion 
equation. 

A detailed account of the subroutines and assumptions 
in the simulator is available in the current literature, 
(Outcalt, 1972b). The effects of variable stratigraphy 
were included in an advanced version of the simulator 
which is used in this study, by entering a thermal-dif
fusivity value specific to each soil computation node. 

Z5 

10 

" ., 

" 

" " SOLAR TIMf 

Fig. 2 . Simulation to To. 



36 

The effects of site slope and exposure were evaluated 
using methods described by Gates (1962) and Kondrat '
yev (1955). At each iteration the sun elevation was tested 
against the horizon elevation and the beam radiation in
cident at the site was weighted unity or zero accordingly 
in a manner similar to the treatment by Williams. et al. 
(1 972). 

The Application of the Simulator to 
Chitistone Data 

In order to compare the simulations with the Chitistone 
Pass observations, input variables which both generate 
and regulate the model must be specified. Table 4 shows 
the input values for each variable at each of the sites. 

Slope and exposure: The degree of slope at each of 
the sites was estimated by using a Brunton Compass and 
measuring the general slope, exposure (aspect ), and site 
horizon angles for 10° increments around the compass. 

Roughness length estimates were made utilizing stand
ard three-cup anemometers and calculating Zo for neutral 
adiabatic conditions. Average daily values are used in the 
model. 

Surface albedo was measured with an uprigh t and in
verted Eppley 10-junction Pyranometer at each site. For 
sloping sites, the instrument was tilted relative to the 
slope. 

ANTHONY J. BRAZEL AND SAMUEL I. OUTCAL T 

Thermal properties: The volumetric heat capacity was 
determined by measuring the partial fractions of organic 
matter (xo), mineral matter (XIII), and moisture con tent 
(x w) (oven drying technique ) in the active layer at each 
site. These fractions were used in the following relation
ship to determine individual la yer volumetric heat 
capacity: 

(6) 

where CCo = 0.60 cal/cm 3 /oC. and CC", = 0.46 cal/cm 3
/ 

Dc. 
These values are after Kersten (1949) and de Vries 
(1958). Thermal diffusivity was determined by the fol
lowing ex pression: 

[ ]

2 

CD - ~ Z2 -Zl 
- 2 In 0 1 /02 

where CD = thermal diffusivity (cm2/sec). w = 21T/P, 
where P = 24 hours , z 1 = reference level 1 in the soil, 

(7) 

Z2 = reference level 2 in the soil, 0 1 = diurnal tempera
ture amplitude at level 1, 02 = diurnal temperature amp
litude at level 2, In = natural logarithm. This method is 
only approximate since the assumption is made that the 
soil is homogeneous for the layer analyzed. 

The soil wet fraction in the simulation is defined as the 
area fraction of the terrain immediately surrounding the 
site which is freely transpiring. For this study. the area 
wet fraction is considered equivalent to the area covered 

TABLE 4. Input Variables for the Five Sites 

Sites 
Variables 

2 3 4 5 

Slope (Deg) 0.0 0.0 23.0 34 .0 28 .0 
Exposure (Deg) 0.0 0.0 125.0 125.0 315.0 
Zo (cm) 2.0 0.2 5.0 2.0 (2 .0) 
Albedo (fraction) 0.25 0.15 0.27 0 .21 (0.18) 
Soil Fix. Depth (cm) 55.0 75.0 150.0 150.0 150.0 
CD· 10' in cgs 34.0 150.0 48.0 17.0 (100.0) 
Soil RH (fraction) 1.0 1.0 0.5 1.0 (0.2) 

Sites Soil layers 
CD'10' CC Description 

Z (cm) 

0-20 34.0 0.61 organic coarse 
sandy gravel 

20-900 37 .0 0.46 sandy clay 
2 0-11 150.0 0.72 sandy gravel 

11-900 37.0 0.59 sandy clay 
3 0-20 48 .0 0.61 organic·sandy clay 

20-900 75 .0 0.46 weathered basalt 
4 0-20 17.0 0.65 organic-sandy clay 

20-900 75 .0 0.46 weathered basalt 
5 0-40 (100.0) (0.64) basalt scree 

40-900 (75.0) (0.46) weathered basalt 

Constants for the Simulation: Lat: 61.6° N, Date (Mo. Day): 904.0 (721 .0)*; Emissivity : 0.98; 
Air Temp.: 7.4° C (9.7° C)*; Air RH : 0.81 (0.65)*; Wind : 200 cm/sec (140 cm/sec)*; Ppt Water: 
20.0; Dust: 0.20; Sky Rad. Temp.: - 12.6° C (- 10.3° C)*; Air Pressure: 835.0 mbs; Soil Fix. 
Temp.: O.O°C. 
'Site 5 was not observed on August 4, but on July 21-a clear day also. Simulation for that day 
is analyzed for Site 5. Data used appear in parentheses above. 
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Fig . 3. Simulated and observed surface temperature. 

by tundra vegetation around the site and is only an ap
proximate value. 

Soil thermal fixing depth: At each site the depth of the 
active layer was determined and monitored for the season. 
It has been demonstrated that variable active layer depth 
can influence the diurnal thermal regime if the variability 
is within the range of the diurnal damping depth of the 
thawed soil layer (Outcalt, 1972a). In this study, the days 
that were analyzed were mid-season to late-season periods 
when the depth of the thawed layer was beyond the diur
nal damping depth at all sites and showed no probable 
effect on the surface thermal regime. 

Atmospheric variables: Air temperature, relative humid
ity, wind speed and direction, and air pressure were 
measured at each microclimate site and at a central wea
ther station in the pass. Generally, spatial variations of 
these elements were minimal during the 21 diurnal 
periods, and thus for modeling purposes each site is as
signed the same mean daily air temperature, relative 

humidity, wind speed, and air pressure value for the 
simulation. 

Dust and sky radiant temperature : In the solar radia
tion subroutine the dust index is set low at 0.20 which 
appears compatible with other studies for remote areas 
of this type (Gates, 1962). Sky radiant temperature is 
arbitrarily set at 20°C below the mean air temperature 
as this approximation produced a clear-sky net thermal
radiation flux compatible with field observations. 

Simulation Results 

The simulator output for R, 5, H, L, and To is shown 
(as an example) along with To observed for Site 1 in 
Table 5. Figures 2 and 3 illustrate the simulation of To 
and comparison of To's for each site. Amplitude and 
phase comparison between observed and simulated values for 
each site are listed and ranked in Table 6. The results in
dicate no discrepancies in the amplitude ranking. The 
phase relationships are also ranked perfectly. Sources of 
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TABLE 5. Example of Simulation Output for Site 1, August 4, 1968 

Time 
Ex. Terr . Absorbed 

R 5 H L Tosim 
Radiation Sol. Rad. (oC) 

-- -~ ~ - ----
01 - .09 .04 .04 .01 3.2 
02 - .09 .04 .05 .01 3.1 
03 -.09 .03 .05 .01 3 .0 
04 .07 .01 -.09 .03 .05 .01 3 .1 
05 .28 .10 - .01 - .01 .03 -.01 4.8 
06 .51 .23 .10 - .06 .00 -.04 7.4 
07 .74 .36 .22 - .10 - .03 -.09 10.2 
08 .95 .50 .33 - .13 -.06 - .14 13.0 
09 1.13 .62 .43 - .15 - .09 -.19 15.4 
10 1.27 .71 .51 - .16 - .11 -.24 17 .3 
11 1.36 .77 .56 -. 16 - .12 -.28 18.5 
12 1.39 .79 .57 -. 15 - .13 -.29 19.2 
13 1.36 .77 .55 - .13 - .13 -.29 19.1 
14 1.27 .71 .50 -. 10 - .12 -.28 18 .5 
15 1.13 .62 .42 - .07 - .11 -.24 17.2 
16 .95 .50 .31 - .04 - .09 - .18 15.3 
17 .74 .36 .20 .00 - .06 -. 14 13.0 
18 .51 .01 -. 11 .11 .02 -.02 6 .0 
19 .28 .01 - .10 .09 .02 -.01 5.2 
20 .07 .01 - .10 .07 .03 .00 4.6 
21 -. 10 .07 .03 .00 4 .1 
22 -. 10 .06 .04 .01 3.8 
23 -. 10 .05 .04 .01 3.6 

The observed surface temperature is listed for comparison in the last column . 
Radiation is in langleys per minute. 

TABLE 6. Simulation and Observed Phase and Ampl itude of Thermal 
Regimes of the Five Sites 

Amplitude (oC) Phase (hrs after 00) 

(Surface temperature) 
1 
2 
3 
4 
5 

(- 10 cm temperature) 
1 
3

e 

4 
5 

aObserved amplitude . 
bSimulated amplitude. 

17.1
a 

16.5 
18.3 
31 .5 
20.5 

5.7 
8 .7 
5 .5 
9 .0 

(15 .2 )b 11.5c 

(14 .3) 12.2 
(18 .3) 9 .5 
(21 .8) 9 .5 
(18 .5) 16.0 

(6.2) 16.0 
(8 .5 ) 12.5 
(5.5) 15.0 
(8.5) 17.5 

cObserved phase (number of hours after CO time to maximum temperature). 
dSimulated phase. 
eSite two's - 1 0 cm observed values not available. 

Magnitude Ranking (by site) 

Surface To -10·cm temp. 

(12.5)d 
(13.0) 
( 11.0) 
(10.5) 
(17.0) 

(16.0) 
(14.0) 
(15.0) 
(17 .5) 

Amplitude Phase Amplitude Phase 
sim. obs. sim. obs. sim. obs. sim. obs. 

-- --
4 4 5 5 5" 5 5 5 
5 5 2 2 3" 3 1 1 
3 3 1 1 1 4 4 
1 1 3 3" 4 4 3 3 
2 2 4 4" 

• A tie in the ranking. 

Tg obs 
( C) 

4.5 
4 .0 
3.5 
3.8 
5 .5 
8 .5 

11 .0 
14.0 
16.5 
18.0 
19.0 
19.2 
18.2 
17.0 
15 .5 
14.5 
11.2 
9 .2 
7.5 
6 .5 
5 .5 
5.0 
5 .0 
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minor discrepancies are discussed below. However, in 
general, the agreement is excellent. 

Since the surface temperature is more difficult to ob
serve and hence analyze, the -10 cm simulated and ob
served temperatures are also ranked in terms of amplitude 
and phase in Table 6. Pictorial comparisons are shown in 
Figure 4. There is a perfect ranking for the -10 cm sub
strate temperatures. 

The general results of the simulation analysis are en
couraging; however, there are noticeable errors obvious 
in the diagrams: for example, (a) the better diurnal fit 
for the two flat sites compared with the other slope sites, 
and (b) the high observed maximum temperature at Site 
4. 

Sources of Probable Discrepancies for 
Surface Regime Simulation 

The fact that observed and simulated surface tempera
tures do not exactly match is probably related to at least 
four effects. The first is probable parameterization fail
ure. For example, roughness length and thermal diffusivity 
are difficult to parameterize. I n this study wind profile 
methods were used to estimate Zo for each site. Also CD 
was approximated by the standard temperature depth
amplitude ratio method suggested in Sellers (1965). 

The second is model failure. The simulator does not in
corporate external effects that may be important to a 
local site's radiation balance (for example, local effects 

on reflected radiation by microrelief variation nearby). 
The model furthermore utilizes mean daily wind speed, 
air temperature, relative humidity, and neglects spatio
temporal variations in these. Therefore, the model gives 
a generalized response pattern on a diurnal basis. 

The third is the instrumental-measurement problem. 
Observation of the true surface temperature depends 
much on instrument placement at the surface. In this in
vestigation a method followed by Ahrnsbrak (1968) is 
used. The probe was placed in contact with the surface 
but made invisible from I-m height above the ground. 
The fourth problem is advection. At present, the model 
does not incorporate advective effects. 

These discrepancies should obviously be analyzed if 
model refining were to be important. However, the goal 
here is to examine the probable magnitude of thermal 
contrast and the major objective is to: (a) predict opti
mum thermal-mapping conditions, and (b) rank the 
thermal contrast between sites. With this in mind, the 
simulator appears to perform adequately. 

Magnitude Effects of Slope and Exposure 

Figures 2 and 5 show the probable thermal regimes for 
clear weather with (a) slope and exposure, thermal, and 
radiative properties as they are, and (b) all five sites ab
stracted onto a flat surface while retaining their specific 
thermal and radiative propertic.s. 
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The " flat" simulation represents a thermal diurnal 
response of the terrain if topography could be eliminated 
as a variable. Figure 2 represents the thermal pattern due 
to topography and site properties. Thermal patterns that 
are functions only of material parameters such as soil 
type, moisture variation, and active layer thickness are 
suitable targets for remote sensing. However, the thermal 
patterns are masked by slope and exposure (see Sites 3, 
4, and 5 diurnal curves for the "flat" and sloping simula
tions). The flat-surface simulation indicates that scree 
slopes at Site S would be readily identified by their 
warmer temperatures most of the day compared to the 
other sites. This certainly is not true in nature. Slope and 
exposure effects are considerable. Further, Sites 3 and 4 
versus Sites 1 and 2 are vastly different between these 
simulations. The thermal and radiative properties of Sites 
1 and 2 compared to Sites 3 and 4 would be poorly dis
criminated without filtering out the slope and exposure 
effects evident in Figure 2 (compare it with Figure S). 

The general results from the simulations suggest a 
significant effect of slope and exposure on the thermal 
regimes. Sites 3, 4, and S show a SOC shift when slope 
and exposure are eliminated (or a shift of 20% of the 
overall amplitude). This is much larger than the relative 
differences among Sites 1, 2, 3, and 4 in the flat -surface 
simulation (that is , where only effects of thermal and 
radiative properties are considered). 

Conclusion 

There are two primary conclusions. First, it has been 
demonstrated that the surface-climate simulator suitably 
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abstracts observations at Chitistone Pass, Alaska. Sec
ondly, manipulation of the simulator and an analysis of 
the thermal regime data both confirm the fact that there 
is a need to use spatial high-frequency bypass ftltering 
systems for the analysis of thermal and radiative prop
erties of the terrain thermal response patterns. In this 
manner, topographic effects can be attenuated and im
portant effects of site material properties amplified, as 
these are of prime importance to man. 
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The Observation and Simulation of Diurnal Evaporation 
Contrast in an Alaskan Alpine Pass· 

Anthony J. Brazelf and Samuel 1. Outcalt t 

ABSTRACT. The surface·climate simulation strategy developed by Myrup and modified by Outcalt was 
employed in th e analysis of evaporation in rough, alpine-tundra terrain at Chitisto ne Pass, Alaska (6 1° N, 
142° W, 1774 m MSL). The o bservations of evaporation for clear weather compare favorabl y with simulation 
estimates, especially for sites where water availability is not a limiting factor. Dr ie r sites produce divergence 
between simulation and actual evaporation calculations. Further deve lopment is necessary to produce a 
working simulation mod el that incorporates both a water and heat-budget synthesis for tundra terrain. How
ever, with the employment of the equilibrium temperature model, the contrast o f evaporation over tundra 
terrain appears to be predictable . 

Introduction 

Numerical models as tools in climatology can be ex
tremely powerful, especially if verified for areas where 
even routine environmental monitoring is lacking. One 
example is the high alpine tundra, particularly the al
pine pass. These areas channel human transportation and 
can represent important ecological niches for flora and 
fauna (Scott, 1971) , and thus are deserving of scientific 
inquiry. 

Knowledge of the microclimatic conditions, particu
larly the modeling of these conditions, is relevant in 
such locations and can aid in the spatial analysis of 
plant communities and geomorphic conditions in the 
alpine-pass environment. 

This paper describes a portion of an experiment 
which consisted of the observation and simulation of 
the energy-transfer climatology of alpine-pass terrain. 

Observations were made which permitted simple 
energy-balance calculations at locations with variable 
radiative, subsurface-thermal, and topographic condi
tions. The energy-balance simulation experiment made 
use of the model structure developed by Myrup (1969) 
and recently modified by Outcalt (1972a). 

Observations were obtained by recording net radia
tion, subsurface heat flux, and gradients of dry and wet 
bulb temperatures. The Bowen ratio or energy-balance 
approach was followed in the calculation of evapora
tion (Bowen, 1926). Rouse and Stewart (1972) fol
lowed a similar procedure for a tundra site in northern 
Ontario. 

*This paper previously appeared in the journal of Applied 
Meteorology, Vo!. 12, pp. 1134-1143 (1973), and is reprinted 
here with the permission of the American Meteorological 
Society. 
tDepartment of Geography, University of Windsor, Canada 
:j:Department of Geography, University of Michigan, Ann Arbor 
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Specifically, this paper discusses the correlation be
tween observations and model estimates of evaporation 
for sunny days at three specific sites at Chitistone Pass, 
Alaska. The pass site is located in the southeastern 
corner of Alaska between the Wrangell and St. Elias 
Mountains at approximately 1774 m MSL (see Plates 
1 and 2). 1 

Simulated and observed evaporation rates are com
pared for Sites 1, 4, and 5 (see Plate 2). One of the as
sumptions in the model is that when the equilibrium 
temperature is specified, all generated energy-budget 
components are appropriately correct in magnitude and 
direction. This assumption is tested here by analyzing 
evaporation. 

Energy-transfer simulations were developed by using 
the evolving strategy of synthetic climatological analysis 
(see for example, Brunt, 1934; Lettau, 1951; Lonnqvist, 
1962,1963). More recently, Myrup (1969) and Outcalt 
(1972a, b) have demonstrated the wide-ranging utility of 
the equilibrium temperature scheme. Brazel and Outcalt 
(1973) have discussed the power of this model for pre
dicting the diurnal regime of surface temperature at the 
Chitistone Pass location. Figure 1 shows the results of 
that study, and indicates strong correlations between 
model and observed estimates of surface and -10-cm 
temperatures for a clear-day condition at the three sites 
studied in this paper. Two additional sites are shown, 
one on a flat surface, and the other on a southeast-facing 
slope (Sites 2 and 3 respectively, Plate 2). However, these 
sites are not analyzed here since evaporation observa
tions are not available. 

The Climate Simulator 

The energy-transfer simulator is dis'cussed in recent 
works by Outcalt (1972a, b). Thus, a full discussion of 

1 Plates 1 and 2 are maps inside the back cover of this volume. 
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the model will not be presented. However, a general out
line is given as well as the parts of the model pertaining 
to the assumptions inherent in calculating evaporation. 

The operation of the general simulator is based on the 
energy-conservation equation which states that the four 
components of the energy budget [net radiation (Rn), 
soil heat flux (G), sensible heat flux (H), and latent heat 
flux (LE) 1 must have a zero sum across a surface, that is, 

Rn + G + H + LE = O. (1) 

Each of these terms is a complex function of the en
vironmental variables ~hich specify the thermal and 
radiative properties of the atmosphere and substrate 

media, and of the topographic effects at a location. At 
any instant in time , these components may be repre
sented as functions of a limited set of environmental 
variables and physical constants. These controlling vari
ables are listed with their notation in Table 1. 

The components of the energy-budget equations can 
then be written in terms of these variables and the sur
face temperature (To) as follows: 

Rn = f(LAT, DEC, D, R, ALBEDO, 
W, P, TSKY ' To, SL, EX, HO). (2) 

If the assumption is made that the soil temperature at 
the diurnal damping depth is approximately equal to 



SIMULATION OF EVAPORATION CONTRAST 

TABLE 1. Environmental Input Variables 

Site 

Latitude 
(LAT) 

Date (OA) 

Slope (SL) 

Exposure 
(EX) 

Roughness 
length (Zo) 

Albedo 
(ALBEDO) 

Emissivity (E) 

Horizon 
(HO)b 

Atmospheric Soil a 

-----
Mean daily air 

temperature 
(TA) 

Mean daily air 
relative 
humidity 
(RH) 

Mean daily 
wind speed 
(U) 

Mean daily 
precipitable 
water vapor 
(W) 

Mean daily 
dust concen· 
tration (D) 

Mean daily 
sky radiant 
temperatu re 
(TSKY) 

Soil fixing 
depth (SO) 

Soil fixing 
temperature 
(ST) 

Soil diffusivity 
(GO) 

Soil volu· 
metric heat 
capacity 
(GC) 

Soil relative 
humidity 
(wet·area 
fraction) 
(RHS) 

Other 

Elevation (E) 

P ressu re (P) 

Extinction 
coefficient 
(EC) 

Solar decl i na· 
tion (OEC) 

Orbital radius 
vector (R) 

aSoil information is required for each layer within the soil: depth. 
diffusivity. and heat capacity are specified for each soil layer. 
bSite horizons are used every 360/96 deg around the compass to 
calculate the exposure factor. 

the mean air temperature, then 

G = j(GC, GD, TA, To)· (3) 

The turbulent transfer terms which are corrected for 
stability using the Richardson number may be expressed 
as 

H=j(U,Zo,P, TA, To) (4) 

LE = I(U, Zo, P, RH, RHS, TA, To)· (5) 

Note that in all of the above equations, after specifica. 
tion of the input variables, the surface temperature is the 
only unknown. The soil-temperature proHle is allowed 
to evolve by calculating a finite-difference solution of the 
thermal diffusion equation using the soil thermal solu
tion from the preceding step. After the new soil thermal 
proHle is calculated, the soil heat flux is actually calcu
lated from the uppermost soil-temperature level in place 
of TA ' 

At each step through the diurnal cycle, the solar radia
tion incident on a surface may be calculated for a clear 
day by means of a subroutine. Subroutines are also in
cluded to calculate specific humidity gradients, to fix 
the free-air computation level, and correct the thermal 
properties of the atmosphere for stability. 

A sequence of approximations to the surface tempera
ture is entered into the equation for the energy exchange 
until the equation approaches zero. The equilibrium 
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surface temperature is that temperature which produces 
a suitably small residual in the energy-balance equation 
(that is 1 mly/min). Then all the components of the 
energy-transfer regime (R", C, H, LE) and the soil
temperature vector are retained and the nex t iteration 
begins with a forward solution of the finite·difference 
form of the soil thermal·diffusion equation. 

A detailed account of the subroutines and assumptions 
in the simulator is given by Outcalt (1972b). The effects 
of variable stratigraphy were included in an advanced 
version of the simulator which is used in this study, by 
entering a thermal diffusivity value specific to each soil 
computation node. The effects of site slope and expo
sure were evaluated using methods described by Gates 
(1962) and Kondrat'yev (1955). At each iteration, the 
sun elevation was tested against the horizon elevation, 
and the beam radiation incident at the site was weighted 
unity or zero, accordingly, in a manner similar to the 
treatment by Williams, et al. (1972). 

The details of parameter data collection are given in 
Brazel and Outcalt (1973). Since this paper is concerned 
more specifically with evaporation, the assumptions of 
the latent-heat-flux estimates in the simulator should be 
stated: (i) absolute humidity (q) is a function of surface 
temperature (To) only; (ii) the mean surface relative 
humidity (RHS) is equal to the area fraction of the im· 
mediate terrain in water or freely transpiring vegetation 
[an assumption originally made by Myrup (1969)) ; and 
(iii) the surface absolute humidity (qo) is a function of 
the heat of evaporation (L) and the wet-area fraction 
(xw) as follows: 

qo = (RHS/L)[f(To)) = (xw/L)[f(To )). (6) 

Assumption (iv) is that the mean daily humidity is tempo
rally constant and equal to the humidity at the air damping 
height. This allows a fixed humidity above, while the surface 
humidity fluctuates diurnally in response to the To solu
tions to the energy balance. Thus, gradients are produced 
(q - qo) which are used to calcula te the laten t heat flux. 

Observational Methods 

Measurement sites. The measurement of energy com
ponents at the three sites analyzed in this paper was con
ducted in August 1967 and July 1968. Observations 
were made at sites which are described in Table 2. The 
southeast.facing slope site (Site 4) consisted of a con
tinuous mat of dryas and willow vegetation. Site 1 (flat 
site) was typical of the flatter areas of the pass and was 
moss-lichen tundra. Site 5 (a northwest-facing slope) was 
a barren, fine scree and rubble-like surface. Vegetation 
was very sparse. 

Instrumentation and measurements. Net radiation, 
soil heat flux, and wet and dry bulb temperatures at two 
levels were observed at all three sites. Net radiation was 
measured by an aspirated Beckman and Whitley net ra
diometer placed 1 m above the surface. In the case of 
the sloping sites, observations had to be adjusted for 
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short-wave radiation on slopes. An Eppley pyranometer 
(lO-junction) was positioned at each site so as to mea
sure both slope solar radiation and normal flat-surface 
radiation. The difference between these two solar values 
was equal to the adjustment made in the observed net 
radiation values from the net radiometers. The probable 
instrument error is ±10%. 

Soil heat flux was calculated by solving the equation 

C = CC !:::,T fu: 
!:::'t ' (7) 

where !:::,T is the difference in temperature between two 
levels in the soil over time, !:::'t the time interval for the 
calculation, CC the volumetric heat capacity, and!:::'z the 
depth difference for the calculation. Values for CC were 
determined periodically by analyzing partial fractions of 
organic, mineral, and water portions of the active layer. 
The probable error in calculating C is ±10%. 

Measurements of wet and dry bulb temperature were 
taken at 50 and 250 cm with an aspirated mechanical 
wind Assman hygrometer. Four readings were taken per 
hour, averaged, and the average values listed to represent 
on-the-hour values. 

Latent heat flux was calculated using the Bowen ratio 
approach, that is, 

R" -C R,,- C 
LE= ---

1+ H/LE 1 + ~ 

= (R" -C) ~ -(5 :j(~!:::'£)J (8) 

where: 

LE latent heat flux (ly min -I) 
R" net radiation 

C soil heat flux 
H sensible heat flux 
~ Bowen ratio 
'Y psychrometer constant [0.65 mb (oK)-1 J 

S Saturation vapor pressure slope 
!:::,T dry bulb temperature gradient 

!:::,T w wet bulb temperature gradient. 

The calculated Bowen ratios and latent heat fluxes 
from the observations were then compared with those 
generated from the simulations using the input and 
boundary conditions listed in Table 2. 

Simulations and Observations 

Results of the hourly observations and simulations are 
given in the Appendix. Mean daily Bowen ratios were 
calculated for an ll-day sequence for Site 1 in 1968 
(J uly-August). The Chitistone Pass mean values and 
ranges are listed in Table 3 with values cited for some 
other tundra sites. Tables 4 and 5 list summary data of 
the simulations and observations. Figure 2 shows the 
comparison between simulated and observed evaporation, 
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TABLE 2. Input Variables for the Three Sites 

Variables Sites 
4 5 

-----
SL (deg) 0.0 34.0 28 .0 
EX (deg) 0.0 125.0 315.0 
£0 (cm)a 2.0 2.0 (2.0) 
ALBEDO (fraction) 0.25 0.21 (0.18) 
SD (cm) 55.0 150.0 150.0 
GD X 104 (cgs) 34.0 17.0 (100.0) 
GC (cgs) 0.61 0.65 (0.64) 
RHS (fraction) 1.00 1.00 (0.20) 

Soil layers 
Sites Z (cm) GD X 104 GC description 

0-20 34.0 0.61 organ ic coarse 
sandy gravel 

20-900 37.0 0.46 sandy clay 

4 0-20 17.0 0.65 organic sandy 
clay 

20-900 75.0 0.46 weathered basalt 

5 0-40 (100.0) (0.64) basal t scree 
40-900 (75.0) (0.46) weathered basalt 

Constants for the simulation 

LAT 61 .6N W 20.0 
DA (Mon., Day) 904 

(721)b 
D 0.20 

E 0.98 "{SKY -12.6C 
(-10.3C) 

TA 7.4C P 835.0 mb 
RH 0.81 ST O.OC 

(0.65) 
U 200 cm sec-' 

(140 cm sec-' ) 

aZo was estimated by calculating values from wind profiles dur· 
ing neutral adiabatic periods. Average daily values are used. 
bSite 5 was not observed on 4 August, but on 21 July-a clear 
day also. Simulation for that day is analyzed and the data used 
appear in parentheses above. 

TABLE 3. Bowen Ratios for Snowfree Tundra Sites 
From Selected Studies 

Mean Number of 
Study daily Ranges days in 

value sample 

Rouse and Stewart 
(northern Ontario) 0.73 0.39-1.78 19 (summer) 

Rouse and Kershaw 
(northern Ontario) 0.61 0.26-0.78 5 (summer) 

Terjung 
(White Mts., Calif.) 0.30 0.19-0.46 1 (clear day, 

summer) 
Weller, et al. 

(Barrow, Alaska) 0.12 4 (summer) 
Mather and Thornth-

waite (Barrow, Alaska) 1.81 0.08-8.09 110 (summer) 
Ahrnsbrak 

(central Canada) 10.00 1.81-45.14 7 (summer) 
This study 

(southeast Alaska, 
Wrangell Mts.) 0.62 0.10-1.10 11 (summer) 
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Fig. 2. Observed and simulated latent heat flux. 

expressed in langleys per minute. Figure 3 is a plot of the 
difference between simulated and observed evaporation. 

There is no reason to believe that observations of Rn' 
G, and the Bowen ratios are any better than ±10%. 
Therefore, at this stage, phase-shift and time-dependence 
tendencies of simulations are the only methods of com
parison. In Figure 2, amplitude and phase characteristics 
are similar. 

For Sites 1 and 4 (the vegetation-covered sites), the 
correlations for latent heat are very high and the standard 
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errors very low (see Table 5). The Site 5 comparison 
shows a weaker relationship (see Fig. 2). However, in 
general, the correspondence between estimates and ob
servations is excellent (see Fig. 3). The differences be
tween simulated and observed values do not exceed 
±0.10 ly min - 1

, which is well within the error limit of 
the observations. The errors are therefore difficult to 
assess. The major discrepancy is for the drier site on the 
barren northwest-facing slope. Notice the underestimate 
of latent heat for that site (Site 5). 

Myrup (1969) has shown, for sites with wet-area 
fraction near 0.20, that the sensitivity of the equilibrium 
temperature model is very high. The chance for error 
in the estimates is high for sites with very low wet-area 
fractions. This means that more divergence between esti
mates and observations would be expected, if wet-area 
fraction estimates were not precisely determined. This 
probably is the case in this study. Site 5, on the drier 
slopes, consisted of scree and rubble , but the entire 
northwest slope had many benches where standing water 
existed. Also, the vegetation cover tended to be more 
continuous on these benches. The immediate slope where 
the instrument complex was located was virtually devoid 
of vegetation and standing water at the surface. As a re
sult, the assigned estimate of 0.20 for wet fraction is per
haps too low (underestimating latent heat and overesti
mating Bowen ratios in the simulations). 

For dry sites, a very accurate estimate of wet-area 
fraction is needed to more fully test the model. Sites 1 
and 4, which were sites of continuous vegetation, are 
estimated to a much higher degree, since Xw -+ 1.0. 
Further, these latter two sites were near field capacity 
throughout both field seasons. This general area, near 
the Gulf of Alaska, is one of the most humid regions of 
the Pacific Littoral. 

The fact that the sites never really experienced much 
of a drying cycle probably accounts for the very high 
correlation with the simple model estimates. Sites of 
"moderate dryness," such as that in the study of Rouse 
and Stewart (1972), and Site 5 in this study, cause di· 
vergence in the equilibrium theory model unless the wet
area fraction and the assumption inherent in it can be 
accurately assessed. 
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TABLE 4. Means of Simulated and Observed Latent Heat F lux and Bowen Ratios 

Latent heat flux (iy/min) 

24 hour 
Site Simulatedb Observed 

4 
5 

0.09 
0.15 
0.02 

0.11 
0.13 
0.06 

Daytimea 

Simulated Observed 

0 .22 
0.31 
0.04 

0.25 
0.33 
0.09 

Bowen Ratio 

24 hour 
Simulated Observed 

1.24 
1.68 

- 2 .69 

1.22 
1.61 
0.08 

Daytimea 

Simulated Observed 

0.42 
0.39 
1.86 

0.36 
0.47 
0.91 

aTime of significant sun exposure (for Site 1,0700-1700; Site 4, 0500-1600; Site 5, 1000-21001. 
bThe simulated value with the input listed in Table 2. 
N.B. The simulated and observed values were for 4 August 1967 for Sites 1 and 4 and 21 July 1968 for Site 5. Both days 
were clear, calm days immediately following rainy, cloudy weather. 

The employment of the wet-area fraction concept is a 
matter of convenience. Further work is necessary to re
late the soil moisture conditions to this parameter. In 
this study, no detailed water-budget information was 
collected for these sites. However, to enhance further 
the simulation approach, it is necessary to couple the 
heat and mass transfer regimes in an approach similar to 
that of Kennedy and Lielmezs (1973). 

Conclusion 

Evaporation and Bowen ratio observations, and their 
variation during high solar radiation conditions across an 
alpine tundra landscape, agree favorably with estimates 
produced by an equilibrium temperature model described 
by Outcalt (1972a). Brazel and Outcalt (1973) have 
shown that thermal contrast in the tundra is predictable 
using this model (see Fig. 1). It is expected that for an 
equilibrium solution, the components of the energy bud
get should be correct when there is good convergence 
with measured surface temperature. This paper confirms 
this expectation except for drier sites. In portions of the 
terrain where vegetation is continuous, evaporation esti
mates are predictable using the model. In an environ
ment where the tundra never experiences desiccation, 
the simple equilibrium model assumptions concerning 
the wet-area fraction are not restricting. Most alpine-pass 
environments along the Pacific Littoral are high-moisture 
environments, so that the model may be applicable to 
several of these areas. The model is capable of reproduc
ing spatial contrast in energy components across the 
highly variable tundra terrain. 

TABLE 5. Model Versus Observations of Latent Heat 

Standard 
Site rLE 

a errors Regression equations 
(iy/min) 

0.982 0.007 LEobs;-o·003+ 1.144LEth 
4 0.995 0.002 LEobs; 0.004+ 1.174LE th 
5 0.898 0.039 LEobs; -0.028 + 1.870 LE th 

aCorrelation coefficient for latent heat . 

Future Research 

Further cooperative research work between climatolo
gists at the Universities of Windsor and Michigan is plan
ned in which the equilibrium temperature solution will 
be forced by high-frequency measurements (1 5 min) of 
air temperature, humidity, and wind velocity at screen 
height. The initial observation series will probably have 
to be fUtered to remove high frequencies. A turbulent 
flux-model subroutine modified by Goodwin (1972), 
from a program developed by R yznar (1971) using the 
Businger-Dyer model (Businger, 1966), should eventu· 
ally make possible field energy-budget studies using 
measurements from one level in the atmosphere and sur
face thermal regime measurements in conjunction with 
high.frequency solar radiation data. 

Acknowledgments 

The authors wish to express thanks to those responsi
ble for making this study possible. The Arctic Institute 
of North America and the Army Research Office (Dur
ham, N.C.) sponsored the research and provided logisti
cal support to the High Mountain Environment Project 
(Marcus, 1971). Several individuals assisted Or. Brazel 
in field collection of energy-balance data. Thanks are ex
tended to W. Benjey, B. Bishop, F. Dumoy, J. Ford, J. 
Hallorin, S. Loomis, D. Porter, D. Scott and J. Willing
ham. Dr. Melvin G. Marcus of the Department of Ge
ography, University of Michigan, led the field research 
phase of this study. Or. Outcalt performed the numeri
cal modelling used in this analysis. The simulation pro
gram was written at the Department of Geograph y by 
Or. Outcalt and modified by his graduate students, A. 
Terroux and c. Goodwin_ Interested parties may obtain 
a source code listing by writing Dr. S. I. Outcalt, Depart
ment of Geography, University of Michigan, Ann Arbor, 
Mich. 48104. 

References 
Ahrnsbrak , w. (1968) Summertime radiation balance and energy 

budget of the Canadian tundra, Tech. Rept. 37, Dept. Meteorol., 
Univ. Wisconsin . 

Blackman, R. B., and Tukey , J. W. (1958) The Measurement of 
Power Spectra, Dover, New York . 

Bowen, J. (1926) The ratio of heat losses by conduction and by 
evaporation from any water surface,Phys. Rev., 27,779 -787. 



SIMULATION OF EVAPORATION CONTRAST 

Brazel. A., and Outcalt, S. I. (1973) The observation and simula· 
tion of diurnal surface thermal contrast in an Alaskan alpine 
pass. Archiv. Metcorol. Geophys. Bioklim., Series B, 21, 
157-174. 

Brunt, D. (1934) Physical a",d Dynamical Meteorology, Cam· 
bridge Univ. Press, London. 

Businger,]. A. (1966) Transfer of momentum and heat in the 
planetary boundary layer, in Proceedings oJ the Symposium 
on Arctic Heat Budget and Atmospheric Circulation, RM·5233· 
NSF, Rand Corp. 

Gates, D. (1962) Energy Exchange il1 the Biosphere, Harper & 
Row, New York. 

Goodwin, C. W. (1972) An annual active·layer simulator for 
permafrost regions , M.Sc. thesis, Univ. Michigan (unpubl.). 

Kennedy, G. F., and Lielmezs,] . (1973) Heat and mass transfer 
of freezing water·soil system, Water Resources Res., 9, 395-400. 

Kondrat'yev, la (1955) Radiative Heat Excha'1ge in the A tmo· 
sphere (translated by O. Tedder), Pcrgamon Press, Oxford. 

Lettau, H. (1951) Theory of surface·temperature and heat· 
transfer oscillations near a level ground surface, Trans. Am. 
Geophys. Union, 32,189-200 . 

Lonnqvist, O. (1962) On the diurnal variation of surface tern· 
perature, Te/lus, 14,96-101. 

Lonnqvist, O. (1963) Further aspects on the diurnal tempera· 
ture variation at the surface of the earth, Teilus, 15,75-81. 

Marcus, M. (1971) The High Mountain Environment Project: 
Se. Elias Mountains, Yukon and Alaska 1967-1971, Res. 
Paper No. 61, Arctic Inst. North Am. 

Mather,]. R., and Thornthwaite , C. W. (1958) Microclimatic in· 
vestigations at Point Barrow, Alaska, 1957-1958, Publications 
in Climatology; Vol. 11, No . 2 , Lab . ofClimatol., Drexellnst. 
Technol. 

47 

Myrup, L. (1969) A numerical model of the urban heat island,f. 
Appl. Meteorol., 8,908-918 . 

Outcalt, S. I. (1972a) The development and application of a 
simple digital surface·climate simulator,f. Appl. Meteorol., 
11 ,629-636. 

Outcalt, S. I. (1 972b ) The simulation of subsurface effects on 
the diurnal surface thermal regime in cold regions , Arctic, 25, 
305-307. 

Rouse , W. R., and Kershaw, K. A. (1971) The effects o f burning 
on the heat and water regimes of lichen·dominated subarctic 
surfaces, Arctic Alpine Res., 3,291-304. 

Rouse , W. R., and Stewart, R. (1972) A simple mod el for deter· 
mining evaporation for high·latitude upland sites, f . ,1ppl. 
Meteorol., 11,1063-]070. 

Ryznar, E. (1971) Wind and temperature structure in the surface 
layer of the atmosphere, Rept. 08653·1·F (Contract DAGCO 
4·67·C·0027, U.S. Army Res. Office), Univ. Michigan . 

Scott, R. (] 971) Ecology and phytogeography of alpine vegeta· 
tion in the southeastern Wrangell Mountains, Alaska, Ph .D. 
dissertation, Univ. Michigan (unpubl.). 

Terjung, W. H., Kickert, R. N., Potter, G. L. , and Swans, S. W. 
(1969) Energy and moisture balance of an alpine tundra in mid 
]uly , Arctic Alpine Res., 1,247-266. 

Weller, G., Cubley, S., Parker, S. , Trabant, D., and Benson, C. 
(1972) The tundra microclimate during snow·melt at Barrow, 
Alaska,Arctic, 25,29]-300. 

Williams, L. D., Barry , R. G., and Andrews,]. T. (1972) Appli· 
cation of computed global radiation for areas of high relief,]. 
Appl. Meteorol., 11,526-533. 

APPENDIX 

SIMULATIONS AND OBSERVATIONS OF BOWEN RATIOS AND LATENT HEAT FLUX 

A. SIMULATlONS B. OBSERVATIONS 

Bowen ratios Latent heat flux Bowen ratios Latent heat flux 

Time 
Site Site 

Time 
Site Site 

1 4 5 1 4 5 1 4 5 1 4 5 

00 3.58 4.44 -4.50 0.012 0.009 -0.004 00 2.86 0 .80 -0.60 0.015 0.050 -0.030 
01 3.38 3.81 - 11.00 

I 
0.013 0 .011 -0.002 01 2.93 0.84 -0.73 0.015 0.050 -0.030 

02 3.00 3.58 -12.50 0.015 0.012 -0.002 02 3 .00 0.86 -0.83 0.015 0.050 - 0 .030 
03 2.93 3.58 -28.00 0.016 0.Q12 -0.001 03 4 .70 0.86 -0.93 0 .010 0.050 -0.030 
04 3.21 33.00 -30.00 

I 
0.014 0.001 -0.001 04 - 1.32 -1.00 0.000 0.025 -0.030 

05 -5.60 0.32 - -0.005 -0.079 0.000 05 -0.82 0.25 - 1.03 -0.034 -0.105 -0.030 
06 -0.02 0.44 - -0.040 -0.186 0.000 06 -o.Q1 0 .35 - 1.10 -0.095 -0.240 -0.030 
07 0.34 0.43 16.50 -0.086 -0.298 0.002 07 0.19 0.36 -0.94 - 0.160 -0.360 -0.035 
OS 0.43 0.41 -12.50 -0.139 -0.399 -0.002 08 0.29 0.36 -0.55 -0.210 -0.450 -0.045 
09 0.44 0.39 -2.00 -0.194 -0.471 -0.005 09 0 .33 0.36 -0.17 -0.260 -0.518 -0.060 
10 0.42 0.38 1.00 -0.242 -0.505 -0.011 10 0.36 0.36 0 .15 -0.300 -0.540 -0.075 
11 0.43 0.40 1.84 -0.278 -0.495 -0.019 11 0.37 0.37 0.37 -0.330 -0.518 -0.095 
12 0.43 0.40 2.17 -0.297 -0.445 -0.028 12 0.39 0.39 0.53 -0.335 -0.460 -0.115 
13 0.43 0.42 2.26 -0.296 -0.363 -0.038 13 0.40 0.41 0.69 -0.325 -0.370 -0.125 
14 0.43 0.44 2.22 -0.276 -0.262 -0.046 14 0.41 0.45 0.79 -0.298 -0.260 -0.135 
15 0.44 0.44 2.17 -0.240 -0.156 -0.057 15 0.42 0.48 0.86 -0.254 -0.145 -0.1 40 
16 0.44 0 .23 2.16 -0.192 -0.063 -0.062 16 0.43 1.50 0 .96 -0.200 -0.010 -0.140 
17 0.43 -1 .18 2 .1 7 -0.1 39 -0.016 -0.062 17 0.46 0.38 1.04 -0.130 0.050 -0.1 30 
18 -0.71 -2.66 2.19 -0.021 -0.009 -0.057 18 -0.2 1 0.48 1.09 -0.070 0.050 -0.11 5 
19 -2.30 -5.60 2.04 -0.010 -0.005 -0.023 19 1.53 0.56 3.10 0.015 0.050 -0.020 
20 - 7.25 -31.00 1.50 -0.004 -0.001 -0.014 20 1.93 0.62 1.04 0.015 0.050 -0.025 
21 11.33 11 .66 0 .60 0.013 0.003 -0.010 21 2.67 0.70 0 .36 0.015 0.050 -0.025 
22 6.33 7.40 -0.50 0 .006 0.005 --0.007 22 2.53 0.74 -0.04 0.015 0.050 -0.025 
23 4.44 5.42 -1.66 0.009 0.007 --0.006 23 2.60 0 .76 -0.40 0.015 0.050 -0.025 
24 4.10 4.87 - 3.50 0.010 O.OOS -0.004 24 2.73 0.78 --0.56 0.005 0.050 -0.025 
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Comparison of Estimated and Observed Solar 

Radiation and Counterradiation at 

Chitistone Pass, Alaska 

Anthony J. Brazel* 

ABSTRACT. Observations of all-wave radiation were made at Chitistone Pass, Alaska during the summers of 
1967-1969. This pape r describes the application of simple solar-radiation and counterradiation models. 

A simple solar-radiation model after Gates (1962) can be applied to predict clear-sky incoming short-wave 
radiation. However, standard methods of calculating cloudy-sky solar radiation, such as those of Lettau and 
Lettau (1969) and Haurwitz (1948 ) using cloud cover and type, did not produce accurate predictions. 
Counterradiation est imates using Brunt (in Goss and Brooks, 1956) and Bolz (1949) com pare favorably with 
observations. 

Developing empirical estimates of these energy components is essential in areas where daily observations are 
lacking. Watershed hydrological mode ling depends on an assessment of energy exchanges, and radiation is the 
most critical input in the energy balance. 

Introduction 

Energy-budget studies were conducted at Chitistone 
Pass, Alaska during the summer field seasons of 1967-
1969. As part of these studies, observations were made 
of all-wave radiation at the tundra interface. These data 
were used in the analysis of active-layer thermal regimes 
over variable terrain (Brazel, 1972) and in the analysis 
of ablation of a local valley glacier (Aufdemberge, 1971). 
This paper describes the comparison of simple radiation 
models for incoming solar and long-wave radiation and 
observations of these fluxes for the field seasons of 1967 
and 1968. 

The general equation for all-wave incoming radiation 
A~ can be expressed as: 

A~ = S~ + U (1) 

where 

S~ = incoming solar radiation 
L~ = incoming long-wave radiation , or "counter

radiation." 

The general purposes for investigating models of in-
coming all-wave radiation are at least threefold: 

(1) If models can be developed for alpine areas, the evalua
tion of simulation ex perimentation can reap benefits as to 
probable terrain changes if key factors are altered (for ex
ample, air pollution effec ts). This approach follows the 
reasoning of Let tau and Lettau (1969) and Outcalt (1972). 
(2) If radiation models can be verified, then regional hy
drological mode ling fo r purposes of estimating water
balance fac tors, such as runoff, will be bolste red (Hay, 
1971 ; and others). 

• Department of Geography, University of Windsor, Canada 
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(3) Perhaps a more obvious purpose, and a very important 
one, is that for remote areas where only standard meteoro
logical elements are measured, it is esse ntial to estimate en
ergy fluxcs for the above two purposes. However , this can 
only be achieved by making use of simple elements such as 
temperature and humidity, and incorporating these into a 
model to estimate un measured variables such as incoming 
radiation (Hay, 1970; Terjung, e tai., 1968; and others). 

Priority must, therefore, be given to the development 
of energy-budget models for climatological investigations 
in remote and alpine areas. 

This paper is divided into two parts. The first part deals 
with the analysis of solar radiation, while the second dis
cusses ways of estimating counterradiation. Radiation 
fluxes were measured at five sites in the pass (see Table 
2, p. 18 of this volume) . A standard meteorological 
station was maintained near the central micrometeoro
logical station (Site 1, Plate 1) .1 Air temperature at 
standard screen height, relative humidity , cloud type, 
cloud height, and percent sky coverage were observed 
on a 24-hour schedule . Thus, the combination of 
radiation data and normal meteorological observations 
permits the construction of a model for incoming 
radiation. The method makes use of simple meteoro
logical elements, incorporates them into models of solar 
and long-wave incoming radiation, and then tests these 
models against observed radiation data. In the case of 
incoming solar radiation , topographic effects are 
also analyzed. 

Clear-Sky Solar Radiation Model 

Several general models of solar radiation have been con
structed (Hough ton, 1954 ; Lettau and Lettau , 1969; Hay, 

I Plate 1 is a map inside the back cover of this volume. 



50 

1970; and others). A simple solar-radiation generator de
vised by Gates (1962) and utilized by Outcalt (1 972) and 
Brazel and Ou tcal t (1973) has been used in th e present 
study. The model specifies several radiation components, 
given a set of known input variables. Table 1 lists the 
input and output for the model. Appendixes I and II 
provide a computer listing and an output example using 
the Gates model with modifications after Outcalt (1972). 

The basic equation is 

S.). =s+D+B 
where 

S.). = total solar radiation 
s = direct-beam solar radiation 

D = sky diffuse forward-scattered solar radiation 
B = sky diffuse back-scattered solar radiation. 

(2) 

Each of the terms on the right hand side of equation 2 is 
generated with input variables listed in Table 1. The di
rect beam term, s, in langleys per minute, is: 

s = [2.0/r21 [coszl ~exp [-0.089 (pm/l013)O.75 

- 0.174 (wm/20)O.60 - 0.083 (dm)o.90 If (3) 

where 

r = the orbital radius vector = the distance from 
the center of the earth to the center of the 
sun expressed in terms of the length of the 
semi-major axis of the earth's orbit 

cos z = sin r/> sin [) + cos r/> cos [) cos h (List, 1949, 
Table 170) 

z = the solar angle (degrees) 
r/> = site latitude (degrees) 
[) = the sun's declination (degrees) 
h = the sun's angle at the time of the observation 

( degrees) 
p = air pressure (mb) 
m = optical air mass = the ratio of the slant path 

length of the sun's rays through the atmo
sphere to the zenith path length (approxi
mately the secant of the zenith angle of the 
sun) 

w = total precipitable water vapor in the zenith di
rection (mm) 

TABLE 1. Input and Output Variables for the 
Solar Radiation Model 

I nput variables 

Latitude (.p) 

Solar declination (5) 

Station air pressure (p) 

Dust content (d) 

Orbital radius vector (r) 

Albedo (0<) 

Output variables 

Hou rly extra-terrestrial ra
diation 

Hourly direct-beam radiation 

Hourly diffuse forward
scattered radiation 

Hourly diffuse back-scattered 
radiation 

Precipitable water vapor (w) Hourly total solar radiation 

Shadow ratio 

ANTHONY J. BRAZEL 

d = dust concentration index = dust amount rela
tive to a base figure of 800 particles per cubic 
centimeter. 

The solar constant, 2.0, is in langleys per minute. The D 
and B terms are expanded as follows (after Hay, 1970): 

D = 0.5 EXT ~1.0 - exp[-0.083(dm)o.90lf (4) 

and 

B = 0.50+ + DH1.0 - exp[ -0.083(dm)o.90 If (5) 

where 

EXT = the extraterrestrial solar radiation 

and 

a = the albedo of the ground surface. 

The constants in equations 3, 4, and 5, and the assump
tion that scattering is isotropic and occurs after attenua
tion of the undepleted beam absorption, are based on the 
work of Houghton (1954). In equations 4 and 5, the coef
ficient 0.5 is based on the isotropic scattering principle, 
which states that half the scattered radiation is forward 
scattered to the earth's surface. Since back-scattered ra
diation depends on reflection at the surface, it is neces
sary to incorporate the surface albedo to obtain B. 

Application of the Model to Chitistone Pass 

In order to test the model for Chitistone Pass, it is 
necessary not only to have inpu t data (Table 1), but also 
measurements of S.). . For the summers of 1967 and 
1968, solar radiation was observed daily with a recording 
Belfort pyrheliograph and on a less regular basis with an 
Eppley 180

0 
pyranometer. 

Input data used to generate the model include the lati
tude of 61 oN, variable daily solar-declination values ex
tracted frum List (1949), and station pressure recorded 
at the Chitistone Pass weather station every three hours. 
Dust content for this region is usually quite low, although 
the area can experience haze from forest fires (Benjey, 
pp. 129-131, this volume). Gates (1962) cites clear-day 
values for near-pure atmospheres varying from 0.2 to 1.0. 
For polluted locations near and within urban areas, the 
dust ratio ranges from 1.4 to 2.0. In this study, a value of 
0.2 is used. 

The value of the orbital radius vector, which varies 
from day to day, was taken from -List (1949, Table 169). 
The albedo value used was based on observations at five 
sites in the pass. Site 1, located on moss-lichen turf, 
showed a remarkably constant albedo (0.25) for both 
field seasons. Though this was not the case for the other 
four sites (Fig. 1), a value of 0.25 is used in the model, 
since the major portion of the pass floor is dominated by 
moss-lichen turf. 

The precipitable water vapor, w (in millimeters), was 
estimated on a mean daily basis using the following ex
pression (after Terjung, et al., 1968): 
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Fig. 1. Mean diurnal patterns of albedo, Chitistone Pass. 

w = 2.3 ez 10-Z/22,ooo (6) 

where ez = vapor pressure in mm at site elevation Z. The 
ez values were obtained from temperature and relative 
humidity observations at the general weather station. 

Shadow ratio is 0.0 for the central pass site. The 
shadow ratio variable is important for constricted sites 
in deep valleys. Site 1 is relatively free of obstructions 
(Fig. 2). 

Daily values of input variables were used to generate 
daily solar-radiation values for Site 1. Solar-radiation ob
servations from clear days were compared with the mod
el estimates. Data from only 12 clear days were available, 
however. Appendix III lists observed and estimated solar
radiation values for those 12 days . Figures 3 and 4 pre
sent comparisons between estimates and observations. 
With the exception of August 4, 1967, radiation was 
recorded only by the Belfort pyrheliograph. On August 
4, 1967 both Belfort pyrheliograph and Eppley pyrano
meter values were plotted against estimated solar radia
tion (Fig. 4). 
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Fig. 2. Slimmer solar elevations. Chitistonc Pass. 

Interpretation of Clear-Sky Model 

Figure 3 indicates that at low solar angles the model 
considerably overestimates solar radiation. Although 
meteorological conditions affecting S ~ during the 12 
clear days varied, the amount of overestimation is rela
tively the same each day. Since this discrepancy is not 
the result of the sun being obstructed, it is more likely 
that slow instrument (Belfort pyrheliograph) response 
at low solar angles explains the difference between esti
mates and observed values. This assumption is confirmed 
when a more accurate sensor (the Eppley pyranometer) 
was used (Fig. 4). The model underestimates Eppley 
solar radiation on August 4, 1967 while it overestimates 
values recorded by the Belfort sensor at low solar angles. 
The Eppley values exceed estimates by 0.16 lys/min for 
practically every hour; there is no solar angle depend
ence. 

Table 2 gives the on-the-hour values for Site 1 (a flat 
surface) and Site 4, a 34

0 
slope, facing to the south

east. For Site 1, data generated by the model depart 
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Fig. 3. Observed vs. estimated values of inc oming solar radiation, 
Chitistone Pass. Data are for various hours on eleven days in July 

and August \968. 
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Fig. 4. Scattergram of observed vs. estimated solar radiation, 
Chitistone Pass. Data from a single day (August 4, 1967) arc 

compared. 

considerably from Belfort values in the early morning 
and late afternoon, but compare closely around solar 
noon. The mean daily estimates exceed Belfort values 
by 0.10 lys/min. On the other hand, estimates are less 
than Eppley values by an average of 0.16 lys/min. The 
diffuse terms may account for some of the difference 
between the computed data and Eppley observations. 
Surrounding slopes and peaks may increase the diffuse 
radiation significantly; however, no specific investiga
tion of the diffuse terms was made at Chitistone Pass. 

The difference between estimated and pyranometer 
values is slightly higher in morning and afternoon hours 
(Fig. 5 )-the time when terrain-reflected radiation is 
likely to influence the pass floor. Notice, for example, 
that in Figure 1 the albedos of slope sites generally ex
ceed the albedo at Site 1 on a flat surface. Thus a sig
nificant amount of solar radiation is reflected from 
slopes and some of this radiation is diffused to the 
pass floor. 

ANTHONY J. BRAZEL 

The diurnal variation of solar radiation at Sites 1 and 4 
(August 4, 1967) is illustrated in Figure 5. Three curves 
are shown for Site 1: (a) observed Belfort values, (b) ob
served Eppley values, and (c) model estimates. At Site 4 
solar radiation was observed with an Eppley pyranometer 
comparable to that used at Site 1. Following the methods 
of Garnier and Ohmura (1968), the solar radiation gen
erated by the model of Gates (1962) was adjusted for 
Site 4 slope and aspect (34

0 
slope and a southeast aspect). 

The diffuse terms were calculated according to the rela
tion of Kondrat'yev (1965): 

Ds + Bs = (D + B) cos2 (kI2) (7) 

where 

Ds + Bs = total diffuse radiation on a slope 
D + B = total diffuse radiation on a flat surface (see 

equations 3, 4 and 5) 
k = angle of the slope. 

Once slope, aspect, and Kondrat'yev's relation have been 
used to produce estimates for Site 4, a simulated radia
tion curve can be drawn (Fig. 5). 

Estimated insolation is much closer to recorded Eppley 
values for sloping Site 4 than for flat Site 1. At Site 4, 
the mean daily Eppley recorded radiation is O.91lysl 
min, while the estimated mean is 0.83 lys/min (Table 2). 
The difference between estimated and observed radiation 
on the slope is half of that over the flat surface. Because 
the sloping station is 55 m above the pass floor, it is rea
sonable to suppose that the diffuse terms are much 
greater on the pass floor than predicted. Furthermore, 
Kondrat'yev's relation between flat and sloping sites for 
diffuse radiation may not follow for this location, since 
the relation does not include terrain reflected radiation, 
which appears to be of importance in this case. Further 
research on diffuse radiation is necessary, however, be
fore this hypothesis can be verified. 

TABLE 2. Clear-Day Solar Radiation (Iys/min), August 4, 1967 

I 

Site 1 L Site 4 
._--- - _._ .. _._-- ----- -_ .. -- -. -- -- _. - --

Solar time 
Belfort Eppley Estimated, Eppley Estimated, 

pyrheliograph pyranometer using model pyranometer using model 

0600 0.15 0.50 0.34 0.75 0.60 
0700 0.30 0 .68 0.54 1.05 0 .90 
os 00 0 .50 0.84 0.72 1.27 1.13 
0900 0.80 1.05 0 .89 1.40 1.29 
1000 1.05 1.18 1.02 1.52 1.38 
1100 1.10 1.28 1.10 1.40 1.32 
1200 1.15 1.30 1.13 1.27 1.22 
1300 1.10 1.28 1.10 1.18 1.05 
1400 1.05 1.18 1.02 1.00 0.78 
1500 0.80 1.05 0.89 0.68 0.54 
1600 0.50 0.84 0.72 0.16 0.34 
1700 0.30 0.68 0 .54 0 .12 0 .20 
1800 0.15 0.50 0.34 O.OS 0.10 

Mean 0.69 0.95 0 .79 0 .91 0.83 
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<4 AUGUST, 1967 

Fig. 5. Incoming solar radiation for August 4 , 1967 at Site 1 (flat surface) and Site 4 (340 slope). 

Short-wave radiation through clouds. A difficult prob
lem is the evaluation of solar radiation for partially cloudy 
to cloudy sky conditions. This is due to many factors 
among which are variation in cloud type, ceiling, opacity, 
amount of cloud cover, and the "art" of reporting these 
factors at a weather station. Precipitation mode also in
fluences solar radiation depletion in a complex manner. 

Numerous studies have related amount of cloud cover 
to bright hours of sunshine, and sunshine to levels of so
lar radiation (for example, 1963 observations at Divide 
Station in the Icefield Ranges-Havens, 1963, 1968). Few 
studies, however, have analyzed solar radiation under 
differing degrees of cloud cover and cloud types. This is 
a critical aspect of the Chitistone Pass atmospheric en
vironment, because the pass area is subject to locally vari
able cloud formations most of the time. The prevalent 
cloud conditions are of the strato-forIH category-Se, St, 
Ns, and low fog. It is not known, however, whether 
upper-cloud decks are coincident with the lower clouds 
most of the time, or whether the low clouds are of a 
more local nature. 

The works of Lettau and Lettau (1969), Haurwitz 
(1948), Angstrom (1922), and Savinov (1933), relate so
lar radiation to cloud types and amount of cloud cover. 
The Haurwitz relationships are illustrated in Table 3. Ac
cording to Angstrom and Savinov: 

Sc=S-I.(1-(1-k)cj (8) 

where 

Se = cloudy-sky solar radiation 
S -I. = clear-sky solar radiation 

k = ratio of total solar radiation under total overcast 
skies to total solar radiation under clear skies 

c = cloud cover in tenths. 

An analysis was performed to test the applicability of 
the k ratios established by Haurwitz (1948) and Lettau 
and Lettau (1969) to the Chitistone Pass location. The 
solar-radiation data obtained at Site 1 from the Belfort 
recorder were cataloged into days of similar cloud types 
and heights. In order to develop k ratios, the following 
procedure was used: 

(1) The clear·day Illodel discussed previously was used to 
evaluate the S ~ at noon- the time wh~n the Illodel and obser· 
vations were most highly correlated (Fig. 5). 
(2) Only overcast cond itions were analyzed as there are too 
many problems inherent in observations of partly cloudy 
cond itions. 
(3) The cloudy·day noontime radiation was extracted from 
Belfort charts. Noon was chosen to eliminate the influence 
of optical air mass, which varies diurnally. The noun air mass 
for Chitistone Pass during the field season averaged 1.2, a 
value close to that of Let tau and Lettau (1969) and Haurwitz 
(1948 ). 

Figure 6 shows the relationship of mean k ratios to five 
categories of cloud conditions for Chitistone Pass (1774 
m) and for sea-level areas studied by Haurwitz (1948) 
and Lettau and Lettau (1969). The figure also displays 
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TABLE 3. Ratio of Insolation with Overcast Sky 
to Insolation with Cloudless Sky* 

Cloud type 

Cs Ac As Sc St 

85% 84% 52% 41% 35% 25% 
84 81 51 41 34 25 
84 78 50 41 34 25 
83 74 49 41 33 25 
82 71 47 41 32 24 
81 68 46 41 31 24 
80 65 45 41 31 

30 
29 

*After Haurwitz (1948). 
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Ns Fog 

15% 17% 
17 17 
19 17 
21 18 
25 18 

18 
18 
19 
19 

individual hourly k values for Chitistone Pass. There is 
large variance for strato-level cloud types. However, most 
of the data for alto- and strato-level clouds at Chitistone 
have higher k ratios than those of Haurwitz and Lettau 
and Lettau. 

Chitistone Pass may not have been topped by upper-level 
clouds as, for example, in a warm frontal sequence. The 
lack of upper clouds at the pass may explain the appar
ently higher transmissivity than found at sea level. This 
factor has been suggested for other mountainous loca
tions by Angstrom and Tryselius (1935), Wallen (1948), 
and Orvig (1954). Second, the ratios may be higher for 
the lower clouds in the pass area because of multiple 
reflection of solar radiation between clouds, slopes, 
glaciers, and peaks. This possibility is suggested by 

Taking into account the elevation and local climate of 
Chitistone Pass, two hypotheses are suggested to explain 
the discrepancies. First, most of the lower clouds at 
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Fig. 6. Cloud type vs. ratio of overcast- to clear-sky incoming solar radiation, Chitistone Pass, summers 
of 1967 and 1968. All data are shown. 
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Oisson (1936) for a glacier environment. 

The second hypothesis was tested by dividing the Bel
fort data into two periods, (1) the J!lonths when the pass 
was mostly snow covered and (2) the months when the 
pass was snow free. If reflection significantly affects k 
ratios, those ratios should be higher in the late spring 
and early summer when snow cover exceeds 50%. Snow
cover data for the summers of 1967 and 1968, measured 
along the environmental transect (Detwyler, pp. 207-210, 
this volume), were compared to Chitistone radiation 
records. Referring to Figure 6, it can be seen that 11 
days have k ratios greater than the average, but 14 days 
have k ratios less than the average. Hence, the hypoth
esis is not substantiated. 

It is reasonable to believe that the first hypothesis is 
true-that variations in cloud types and thicknesses 
cause the difference in k ratios. Because the findings of 
Lettau and Lettau (1969) and Haurwitz (1948) are 
based on lowland data, it appears that complex cloud 
sequences, lesser optical air mass, elevation, and pre
dominance of a local type of cloud formation cause a 
higher k ratio profile at Chitistone Pass. Therefore, solar 
radiation under cloudy skies cannot be accurately pre
dicted unless peculiar local scale features of the radia
tion climate can be detected and analyzed. 

Estimations of Counterradiation 

Counterradiation (incoming long-wave radiation) is a 
function of air temperature, vapor pressure, cloud cover, 
exposure to the sky hemisphere, and dust content of the 
air. Morgan, et al. (1971) relate observed clear-sky 
counterradiation values (Lo -1-) to estimates obtained by 
using several empirical formulas. Table 4 lists well-known 
expressions for Lo -I- as given in that paper. Computations 
for a hypothetical case were carried out by the present 
author using each of the expressions; an arbitrary value 
of 0.500 lys/min has been assigned to the highest com
puted estimate-that obtained by using the expression 
of Brunt (as reported by Goss and Brooks, 1956). The 
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other estimates were then ranked according to their rela
tive magnitudes. Thus, the table gives an idea of the vari
ation in values obtained by the different methods for the 
same atmospheric conditions. The maximum difference 
in values- 0.119 lys/min-occurs between the value ob
tained when the Brunt (in Goss and Brooks, 1956) 
method was used and the values given in the Elsasser 
Chart. 

Most methods relate screen height temperature, an d 
vapor pressure to recorded Lo -I- in order to develop an 
empirical estimation of counterradiation. This permits 
an estimate of Lo -l- to be made from simple meteorologi
cal elements, which is essential for most locations and 
certainly for remote areas such as Chitistone Pass, where 
long-term detailed observations of radiation are unavail
able (Hay, 1970). 

Cloudy-sky counterradiation (Le -1-) is a function of 
cloud cover as well as air temperature and humidity. 
Bolz (1949) gives a general expression for cloudy skies: 

Le-l- = L o-l- (1 + k L c2
) (9) 

where Lo -I- is clear-sky coun terradiation, c is cloud cover 
in tenths, and k L is an empirical parameter. Bolz (1949) 
has shown kL to vary inversely with cloud height. For 
example, Bolz calculates k L factors of 0.04, 0.16, and 
0.25 for cirrus, altocumulus, and nimbostratus clouds 
respectively. Clear-sky counterradiation estimates' are 
usually generated with one of the expressions in Table 4. 
Cloudy-sky counterradiation derived from equation 9 is 
a log function of cloud cover and varies with cloud type. 
Basically, as cloud types change from cirro-form to strato
form levels, counterradiation increases. Also, counterra
diation increases with increasing amounts of cloud cover. 

High-relief terrain significantly intercepts counterradia
tion and decreases the amount available at a given valley 
site. On the other hand, outgoing long-wave radiation 
can be intercepted by slopes and thus a reduction in 
energy loss from a valley may occur. The "effective out
going radiation "-which equals the difference between 

TABLE 4. Estimates of Counterradiation (Lo-l-) Under Clear-Sky Conditions. 
Various Methods* are Used for a Single Hypothetical Case. 

Author 

Brunt (as reported by Goss and Brooks, 1956) 

McDonald (as reported by Sellers, 1965) 

Brunt, 1932 

Angstrom-Geiger (Angstrom, 1916; Geiger, 1965) 

Swinbank, 1963 

Elsasser Chart (as given by Sellers, 1965) 

* All methods are cited in Morgan, et aI., 1971. 

Expression used in the computationt 

uTa 4 (0.66 + 0.039 ~) 

dO.165 - (0.769X 1O- 3 )(ea /es )] 

uTa 4 (0.440 - 0.080 ea ) 

EuTa' {0.710 - 0.148 exp [- 2 .3 X (0.041 ea )]} 

Ea [T/ - Ta6 (9 .35 X 10- 6
)] 

Computed value of Lo" 
(iys/min) 

0 .500 

0.401 

0.396 

0.393 

0.385 

0.381 

tu = the Stephan-Boltzmann constant; E = emissivity; Ta = screen height air temperature; Ts = surface temperature; ea = screen height 
vapor pressure; es = surface saturation vapor pressure. 
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Fig. 7. Chart of local horizon and solar path for Chitistone Pass 
micro climate Station 1. (Sce Plate 2 for location of station.)' 
Z is the average angle between the sky zenith and local horizon. 

counterradiation and outgoing long-wave radiation-varies 
systematically with exposure to the sky hemisphere and 
valley geometry. Sellers (1965) summarizes the relation 
between exposure and effective ou tgoing radiation (the 
difference between counterradiation and long-wave out
going radiation). At a location such as Chitistone Pass 
Site 1, the average angle from the zenith to the local 
horizon is 80°, with a 10° sky obstruction angle (Fig. 7). 

The obstruction angle significantly reduces the value 
of effective outgoing radiation. Sellers cites the relation 
between obstruction angle and the ratio of effective out
going radiation for an obstructed site to outgoing radia
tion for a, flat plain. This ratio depends also on vapor 
content of the air (Sellers, 1965). A ratio of 1.0 indicates 
the location is a flat plain. As the topographic relief 
increases, the ratio decreases; and for a given horizon ob
struction, the ratio increases as vapor content of the air 
increases. A hot, dry, steep valley, for example, has a 
very low ratio. The importance of this effect is discussed 
later. 

Chitistone Pass Observations 

Observations of counterradiation were made at Sites 1, 
4, and 5 during the field seasons of 1967 and 1968. Only 
the data collected at Site 1, the flat area in the center of 
the pass, are used in this analysis. These include 42 days 
of record and 149 observations at 0600, 1200, 1800, and 
2400 hours solar time. 

Observed counterradiation was calculated by subtract
ing solar-radiation values (measured by an Eppley pyrano
meter) from all-wave radiation values (measured by an 

, Plate 2 is a map inside the back cover of this volume . 
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aspirated Beckman & Whitley totalizing radiometer). 
Hourly averages were calculated from either 2 or 3 read
ings per hour. 

Observed counterradiation at Chitistone Pass is listed 
in Appendix IV. Weather station data which were col
lected at the same time are used to estimate counterradi
ation. Equation 9 was used for cloudy days and the 
Brunt (in Goss and Brooks, 1956) equation (Table 4) 
for clear days. 

In order to test the applicability of the Bolz expression 
for Chitistone Pass, the data are divided into cloud-cover 
classes. Of course, for c = 0, Le ~ = Lo t. The division of 
data into cloud-cover classes permits not only a general 
test of the estimation model, bllt also allows systematic 
appraisal under varying cloud conditions. Two interrela
tionships are analyzed: (a) the degree of agreement be
tween observed and estimated counterradiation, and (b) 
the influence of terrain exposure. 

Tables 5 and 6 compare estimated with observed values 
of counterradiation. Data are divided into cloud-cover 
classes. In each cloud-cover class, the estimated values 
are slightly larger than the observed values (Table 5). 
The highest deviation of estimated from observed occurs 
in the clear-sky category. This is somewhat surprising 
considering the difficulty of accurate measurement and 
observation of cloud types and amounts of cloud cover 
(Morgan, et al., 1971). The mean difference for all cloud 
classes is only 0.024 Iys/min. 

Table 6 presents the cumulative frequency distributions 
of estimated and observed counterradiation and the re
sults of a Kolmogorov-Smirnoff one-sample test. The re
sults indicate that the Bolz and Brunt method produces 
values whose frequency distribution significantly differs 
from the actual frequency distribution, particularly for 
the lower values of counterradiation (under clearer skies). 
Nevertheless, the small mean difference of 0.024 Iys/min 
(Table 5) is insignificant. 

The fact that estimated values are slightly higher than 
the observed values of counterradiation may perhaps be 
attributed to a significant reduction in the observed radi
ation due to sky obstruction. For Site 1, the ratio of ef
fective outgoing radiation to outgoing radiation for a 

TABLE 5. Observed and Estimated Counter
radiation, Chitistone Pass, Summers of 

1967-1968 

Cloud cover Observed value Estimated value· 
(tenths) (iys/min) (iys/min) 

o (clear) 0.36 0.40 
2-4 0.35 0.36 
5-7 0.36 0.39 
8-9 0.39 0.41 
10 0.42 0.44 
mean 0.376 0.400 

* Derived by the Bolz and Brunt method (see text!. 
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TABLE 6. Results of Kolmogorov-Smirnoff Test of 
Cumulative Frequency Distributions of 

Counterradiation 

Cloud cover D Dcr (tenths) 
---.-~~-----~ 

0 0.46 0.27 
2-4 0.41 0.24 
5-7 0 .30 0.23 
8-9 0.26 0.24 
10 0.41 0 .24 

Note: Dcr is obtained from Siegel (1956, Table E) for the 
0.05% level. Actual D exceeds Dcr in each case, thus the 
distributions are significantly different. 

flat plain is 0.982. This means that counterradiation 
should be only 0.008 lys/min less at this 10° obstructed 
site than at a flat plain site, but the average difference 
between estimated and observed values is three times this 
amount. Thus, sky obstruction does not explain the dis
crepancy between estimates and observations. Altitude 
may explain some of the difference, because the empiri
cal equations are developed for a sea-level atmosphere. 
Chitistone Pass is at the 830-mb level-a considerably 
lower air density environment. Less atmosphere would, 
of course, reduce counterradiation. 

Conclusions 

The general conclusion based on the results of develop
ing and verifying incoming radiation models at Chitistone 
Pass, Alaska is that under most sky conditions, the 
models can be used to predict all-wave incoming radia
tion from simple observations of commonly observed 
climatological elements. 

In this study, a simple solar-radiation model (after 
Gates, 1962) was used for clear skies. It produced esti
mates which compare well with observations, except for 
constricted sites subjected to significant terrain diffuse 
radiation. A comparison of solar radiation for overcast 
conditions, employing the cloud-type transmissivity 
ratios of Haurwitz (1948) and Lettau and Lettau (1969), 
indicate that much more investigation must be carried 
out to produce accurate estimates in mountainous lo
cations. 

Although counterradiation estimates obtained by using 
expressions of Bolz (1949) and Brunt (in Goss and 
Brooks, 1956) very closely approximated the observed 
values, clear-sky conditions produced a slightly poorer 
comparison between estimated and observed than did 
cloudy conditions. The reverse was true in the solar
radiation analysis-that is, the estimates more closely 
approximated observed values for clear days than for 
cloudy ones. 

Though surface and subsurface thermal and moisture 
contrasts in alpine tundra terrain tend to increase in 
clear weather (Brazel and Outcalt, 1973) making energy
balance estimates more difficult, the findings in this 
paper indicate that simple predictions of all-wave incom
ing radiation can be made with an error of only approxi-
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mately 10% in fair weather. Since cloudy weather pro
duces a minimum of thermal and moisture contrast over 
the terrain, the problem of modeling the energy balance 
is less than for clear weather. It is fortunate that this is 
so, since the solar-radiation models developed produce 
estimates less accurate for cloudy weather than for clear 
skies. 

If standard climatological elements, such as tempera
ture and humidity, can be estimated from lowland sta
tions in mountainous regions, then the continual evalua
tion of surface-energy transfers in mountains can be 
even more economically and simply performed. 
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APPENDIX I 

SOLAR-RADIATION MODEL COMPUTER PROGRAM LlSTING * 
(Fortran IV) 

DIMENSION SOL(24), SHD(24), BEAM(24), EXT(24), DIFF(24), BACSKT(24) 
DIMENSION TIME(48), SUN(48) 
D1MEN~)JON LABEL(18) 
READ, :·, 1002,END=88,ERR=88) (LABEL(K),K=1,18) 
READ(:.,55) XLAT,DEC,P,W,D,R,ALBEDO,SHDRAT 
WRITE(S,11 11) 
WRITE('J,1002) (LABEL(K),K=I,18) 
WRITE(6,1005)XLAT,DEC,D,P,R,ALBEDO,W,SHDRAT 
WRITE(iJ,202) 
DO 493 1=1,24 
CALL SUNGEN(XLAT,DEC,P,W,D,R,ALBEDO,I, 

lEXT(I),BEAM(I),D1FF(I),BACSKT(I),SOL(I),SHD(I)) 
TIl\1E(I)=-I-1 
SUN (IHl,-SHDRAT) *SOL(I)+SHDRAT*SHD(I) 
WRITE( 6,203) TIME(I ),EXT(I),BEAM( I ),DIFF( I ),B ACSKT( I ),SOL( I) 
CONTINUE 
WRITE(6,1111) 
DO 390 1=1,24 
SUN(I+24 )=SUN(I) 
TlME(I+24 )=TIME(I) 
CONTINUE 
WRITE( 6,1111) 
WRITE(6,1l1l) 
GO TO 12 
CONTINUE 
FORMAT(8F8,0) 
FORMAT(' TIME EX, TERRA. BEAM 

1 D1FF, BACK SCT TOTAL SOLAR'/ 
2 (SUN) ------------------(ALLMLY./MIN,) 
- - - - - - - - - - - - - - -') 

FORMAT(10X,F5,2,6(5X,FI5.2)) 
FORMAT(18A4) 
FORMAT(/, 50X,'LATITUDE=',E5,1, 

1/, 50X,'SOLAR DECLlNATION=',F5,1 , 
2/, 50X,'DUST PARTICLES/CC=',F5.1, 
3/, 50X,'STATION PRESSURE(MB)=',F5,0, 
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37 4/, 50X,'ORBITAL RADIUS VECTOR=',F7.5, 
38 5/, 50X,'ALBEDO=',F4.2, 
39 6/, 50X,'PRECIPITABLE WATER(MM)=',F5.0, 
40 7/, 50X,'SHADOW RATIO=', F4.2,//) 
41 1111 FORMAT('I') 
42 END 
43 SUBROUTINE SUNGEN(XLAT,DEC,P,W,D,R,ALBEDO,I,EXT,BEAM,DIFF,BACSKT, 
44 IS0L,SHD) 
45 ANGRAD(DEG)=DEG/57.29557 
46 RLAT=ANGRAD(XLAT) 
47 RDEC=ANGRAD(DEC) 
48 HRAD=ANGRAD((I - 1)* 15.-180.) 
49 COSZ=SIN(RLAT)*SIN(RDEC)+COS(RLAT)*COS(RDEC) *COS(HRAD) 
50 XM=ABS(1./COSZ) *(P/I013.) 
51 ABSD=-0.089*(((PXM)/1013.) **0.75) 
52 1-0.174*(((W*XM).20.)**0.6) 
53 SCAT=-0.083*((D*XM) **0.9) 
54 IF (COSZ .GT. 0.) GO TO 105 
55 COSz=o. 
56 105 CONTINUE 
57 EXT=(2.E3/R ** 2)*COSZ 
58 BEAM=EXT*EXP(ABSD+SCAT) 
59 DIFF=0.5*EXT*(1.-EXP(SCAT» 
60 SOLAR=BEAM+DIFF 
61 BACSKT=0.5* ABLEOO *SOLAR *(l.-EXP(SCAT» 
62 SOL=SOLAR+BACSKT 
63 SHD=SOL-BEAM 
64 RETURN 
65 END 

*The co mputer listing is after Outcalt (1971 ), modi fied by the author. 
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APPENDIX Il 

EXAMPLE OF SOLAR-RADIATION MODEL COMPUTER OUTPUT 

CHITISTONE STA 1 20 July 
LATITUDE = 61.6 
SOLAR DECLINATION = 20 .6 
STATION PRESSURE (MB) = 820 . 
DUST PARTICLES/CC = 0.2 
ORBITAL RADIUS VECTOR = 1.01 617 
ALBEDO = 0.25 
PRECIPITABLE WATER (MM) = 11. 
SHADOW RATIO = 0.0 

Time Ex. Terra Beam Diff. Back Sct Total Solar 
(Sun) (All mly./lIlin.) 

0.0 0 .0 0.0 0.0 0.0 0.0 
1.00 0.0 0.0 0.0 0.0 0.0 
2.00 0.0 0.0 0.0 0.0 0.0 
3.00 0.0 0.0 0.0 0.0 0.0 
4.00 168.30 60.97 11.39 1.22 73.59 
5.00 376.27 210.92 12.81 1.90 225.63 
6.00 599.45 394.08 13.58 2.31 409.98 
7.00 822.63 587.03 14.10 2.58 603.71 
8.00 1030.60 771.81 14.47 2.76 789.03 
9.00 1209.20 933.03 14.73 2.89 950.64 

10.00 1346.23 1057 .94 14.90 2.97 1075.82 
11.00 1432.38 1136.91 15.01 3.02 1154.93 
12.00 1461.76 1163.92 15.04 3.03 1181.99 
13.00 1432.38 1136.9 1 15.01 3.02 1154.93 
14.00 1346 .23 1057.94 14.90 2.97 1075.82 
15.00 1209.20 933.03 14.73 2.89 950.64 
16.00 1030.60 771.81 14.47 2.76 789.03 
17.00 822.63 587.03 14.10 2.58 603.71 
18.00 599.45 394.08 13.58 2.31 409.98 
19.00 376.27 210.92 12.81 1.90 225 .63 
20 .00 168.30 60.97 11.39 1.22 73.59 
21.00 0.0 0.0 0.0 0.0 0.0 
22.00 0.0 0.0 0.0 0.0 0.0 
23 .00 0.0 0.0 0.0 0.0 0.0 
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OBSERVED AND ESTIMATED CLEAR-SKY SOLAR RADIATION FOR 
CHITISTONE PASS, ALASKA, JULY AND AUGUST, 1968 

Radiation in langleys per minute 

Obs.* Est .t Obs. * Est. t Obs.* Est. t Ob s.* Est. t 

July 21 July 22 July 23 July 25 

0600 0.15 0.41 0.00 0 .41 0 .10 0 .39 0 .15 0.39 
0700 0.35 0.60 0 .25 0 .60 0 .35 0.58 0.35 0.5 8 
0800 0.65 0.79 0.45 0 .79 0.60 0.76 0.60 0.76 
0900 0.85 0.95 0.75 0.95 0 .95 0.93 0.85 0 .93 
1000 1.05 1.07 1.00 1.07 1.00 1.05 1.00 1.05 
1100 1.20 1.15 1.15 1.15 1.10 1.13 1.12 1.13 
1200 1.25 1.18 1.15 1.18 1.10 1.16 1.25 1.16 
1300 1.20 1.15 1.15 1.15 1.10 1.13 1.12 1.13 
1400 1.05 1.07 1.00 1.07 1.00 1.05 I 1.00 1.05 
1500 0.85 0.95 0.75 0.95 0.95 0.93 I 0.85 0.93 
1600 0.65 0 .79 0.45 0.79 0 .60 0.76 0.60 0.76 
1700 0.35 0 .60 0.25 0.60 0 .35 0.58 

I 
0.35 0.58 

1800 0.15 0.41 0.00 0.41 0.10 0.39 0.1 5 0 .39 

Aug. 4 Aug . 5 Aug.8 . 
I 

Aug. 9 

0600 0.10 0.34 0.05 0.34 0 .10 0 .32 I 0. 00 0.30 
0700 0.22 0.54 0.10 0.53 0 .30 0.52 0.30 0.50 
0800 0.50 0.73 0.35 0.72 0 .55 0.71 

I 
0.50 0.69 

0900 0.75 0.90 0.60 0.89 0 .80 0.88 0.82 0.86 
1000 1.00 1.03 0.80 1.02 0 .95 1.00 1.00 0 .99 
1100 1.15 1.11 1.10 1.10 1.05 1.09 1.10 1.07 
1200 1.25 1.14 1.20 1.13 LlO 1.11 1.15 LlO 
1300 1.15 1.11 1.10 1.10 1.05 1.09 1.10 1.07 
1400 1.00 1.03 0.80 1.02 0.95 1.00 , 1.00 0.99 
1500 0.75 0.90 0.60 0.89 0 .80 0.88 I 0 .82 0.8 6 
1600 0.50 0.73 0.35 0.72 0.55 0.71 

I 
0.50 0 .69 

1700 0.22 0.54 0 .10 0 .53 0.30 0.52 0. 30 0 .50 
1800 0.10 0.34 0.05 0 .34 0.10 0 .32 I 0 .00 0.30 , 

Aug. 11 Aug. 12 Aug. 13 I 
0600 0.00 0.29 0.18 0.28 0.00 0 .28 
0700 0.30 0.49 0.20 0.48 0.20 0.47 
0800 0.45 0.68 0.40 0.67 0.45 0 .66 
0900 0.75 0.85 0.70 0.83 0 .70 0.83 
1000 0.95 0.98 0.90 0.96 0 .90 0.95 
1100 1.05 1.06 1.00 1.05 1.00 1.04 
1200 LlO 1.09 1.05 1.07 1.05 1.06 
1300 1.05 1.06 1.00 1.05 1.00 1.04 
1400 0.95 0 .98 0.90 0.96 0.90 0.95 
1500 0.75 0.85 0.70 0.83 0.70 0.83 
1600 0.45 0.68 0.40 0.67 0.45 0 .66 
1700 0.30 0.49 0.20 0.48 0.20 0.47 
1800 0.00 0.29 0.18 0.28 0 .00 0.28 

*Belfort pyrheliograph observations 
[Estimations gene rated by equations 2, 3, 4, 5, and 6. 
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APPENDIX IV 

OBSERVED COUNTERRADIATION AT SITE 1, CHITISTONE PASS, ALASKA 

Date 
Radiation in langleys per minute 

0600 * 1200* 1800* 2400* 

1967 

July 30 0.46 0.40 0.40 0.48 
Aug. 2 0.28 0.60 0.36 0.32 
Aug. 3 0.47 0.42 0.36 0.44 
Aug. 4 0.32 0.37 0.45 0.44 
Aug. 5 0.44 0.32 0.45 0.39 
Aug. 6 0.35 0.50 0.16 0.41 
Aug. 7 0.30 0.50 0.44 0.44 
Aug. 8 0.37 0.30 0.40 0.41 
Aug. 9 0.31 0.18 0.43 0.34 
Aug. 10 0.40 0.14 0.30 0.48 
Aug. 11 0.30 0.40 0.44 0.42 

1968 

July 14 0.52 0.35 0.35 
July 15 0.35 0.37 0.31 0.40 
July 16 0.47 0.22 
July 20 0.39 0.42 0.40 0.35 
July 21 0.31 0.36 0.42 0.30 
July 22 0.29 0.30 0.33 0.35 
July 23 0.35 0.46 0.41 0.36 
July 24 0.31 0.33 0.40 0.35 
July 25 0.40 0.34 0.38 0.43 
July 26 0.20 0.60 0.46 
July 27 0.39 
July 28 0.38 0.26 0.38 0.40 
July 29 0.40 0.36 0.39 0.48 
July 30 0.44 0.48 
July 31 0.18 
Aug. 1 0.46 0.20 
Aug. 2 0.15 0.34 0.47 
Aug. 3 0.35 0.38 0.42 
Aug. 4 0.37 0.23 0.33 0.35 
Aug. 5 0.35 0.43 0.47 0.48 
Aug. 6 0.48 0 .95 0.40 0.35 
Aug. 7 0.33 0.40 0.20 0.46 
Aug. 8 0.40 0.50 0.37 0.36 
Aug. 9 0.30 0.26 0.34 0.42 
Aug. 10 0.21 0.40 0.40 0.46 
Aug. 11 0.30 0.37 0.42 0.39 
Aug. 12 0.35 0.43 0.42 0.36 
Aug. 13 0.35 0.37 0.40 0.41 
Aug. 14 0.42 0.41 0.47 0.47 
Aug. 15 0.38 0.48 0.29 0.46 
Aug. 16 0.58 

*Solar time . 
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Energy-Balance Studies over Glacier and Tundra 

Surfaces, Chitistone Pass, Alaska, 

Summer 1969* 

Theodore P. A ufdembergef 

ABSTRACT. This paper reports the results of two simultaneous energy·balance studies- one over the Capps 
Glacier ice surface and the other over nearby tundra in Chitistone Pass. The two sites are three kilo meters 
apart, are at nearly the same elevation, and have nearly identical exposure to insolation and air mass move· 
ments. The radiation components of the energy balance were measured by pyranometers and radiometers. 
The turbulent heat transfers were calculated using an operational form of the aerodynamic equations put 
forward by Streten and Wendler (1968), which utilized temperature, wind speed, and vapor pressure gradients 
measured within two meters of the surface at each micro·meteorological station. The energy balances are 
compared and show that the amount of energy available at the interface is dependent on the thermal and 
other physical characteristics of the surface. 

Net radiation is the major component of the energy balance at both sites. It is shown that the Capps Glacier 
surface has a higher net radiation input than the tundra surface. This is true in spite of the fact that the glacier 
has a lower net short·wave input due to its greater reflectivity. The glacier has a higher net radiation input 
than the tundra because the tundra surface emits more long·wave radiation than the glacier, which remained 
isothermal at OUC through most of the field season. The above is not true of all glacier.tundra situations be
cause albedo, surface temperatures, and air temperatures may be variable from place to place. The relation
ship, however, probably holds for most temperate glaciers of similar size. 

The most dramatic difference in the energy balance of the two sites was contributed by the sensible and 
latent heat fluxes. These turbulent heat exchanges added energy to the glacier surface and removed energy 
from the tundra surface. When the differences in net radiation and turbulent heat fluxes were totaled, Capps 
Glacier received 330 ly/day more energy than the tundra. This energy was used to ablate the glacier. The 
glacier therefore had a cooling and moderating effect on the air above it. 

INTRODUCTION 

Weather and climate are manifestations of the effect of 
energy inputs and exchanges on the atmosphere. The sun 
is the principal source of energy. The physical fact that 
the earth is spherical, rotates, and revolves around the 
sun in an elliptical orbit with its axis inclined 23Yzo from 
the perpendicular to the plane of the ecliptic governs the 
energy input at any part of the earth's surface. This ener
gy input can be easily calculated using spherical geometry. 
If energy input alone controlled weather and climate, 
the world would be a climatically dull place. It is the re
verberations of this input of energy caused by the differ
ent materials making up the surface of the earth that 
gives the earth its variety of weather and climate. A 
knowledge of the spatial arrangement of these surface 
materials is necessary to understand the geography of 
the world's climates. 

Few areas on the surface of the earth have a greater 
variety of surfaces within short distances than do moun
tain regions. It is this variety of surface materials that 
makes the study of mountain climatology difficult. A 

*This report is a modified and shortened version of a doctoral 
dissertation submitted to the University of Michigan in 1971. 
tPresent address: Concordia Lutheran Junior College, Ann Arbor, 
Michigan 
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number of general models are commonly accepted in dis
cussions of mountain climatology. Among them are (1) 
the classic valley breeze and glacier wind models, (2) the 
orographic precipitation and rain shadow model, and (3) 
the application of standard and adiabatic lapse rates. 

Of these models the third seems to have the least validity 
in the near-surface boundary layer. The adiabatic lapse 
rates do not apply to mountain regions except in a gener
al way because air moving through mountainous terrain 
encounters not only adiabatic changes but also real vari
ations in the energy input caused by different thermal 
properties of the air-surface interface. 

It is important to recognize that the complexity of 
mountain climates is the result of interactions along a 
varying air-surface interface. Many factors exert an in
fluence on the interface. The radiation balances and the 
turbulent and latent heat exchanges at the interface are 
affected by slope, slope orientation, vegetation, and the 
physical characteristics of snow, ice, water, or rock debris 
surfaces. 

There is a large literature on the energy balance at the 
earth's surface. This literature can be classified into two 
groups: (1) theoretical papers which model the energy 
balance or component parts of this balance, and (2) em
pirical studies in which energy or radiation balances have 
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been measured to solve some problem in fields such as 
glaciology, agriculture, hydrology, or geomorphology. 
Most investigations have focused on single point mea
surements, or at best, multiple point studies over sur
faces with similar thermal properties. The investigation 
reported in this paper can be classified as an empirical, 
multi-point energy-balance study accomplished simultan
eously over two thermally different types of surface: 
ice and tundra. 

In order to determine the differences in the energy bal
ances over glacier and tundra surfaces in the same moun
tain region, it was necessary to locate two sites which 
shared the same macro-climate, were affected by the 
same weather systems, and were located at nearly the 
same elevation. Two sites meeting these requirements 
were found in the vicinity of Chitistone Pass, Alaska 
(Plates 1 and 2) 1. Much of the remainder of this paper 
reports and analyzes the results of energy-balance studies 
made at the two sites during the summer of 1969. 

The Chitistone Pass study area was chosen for several 
reasons. The major factor was that research in the Chiti
stone Pass area could be coordinated with other investi
gations of the Icefield Ranges Research Project. The pro
ject's meteorological network, which has included 
fourteen stations at various times since 1963, provided 
comprehensive complementary material. Another over
riding and practical reason for choosing the Chitistone 
Pass site was the existence in 1969 of a fully operational 

• research camp at the pass. This camp provided the major 
part of the logistical support for this study as well as a 
large part of the manpower. 

Climate 

Chitistone Pass is located approximately at the climatic 
divide between the moist marine coastal zones of the 
Gulf of Alaska and the dry continental interior of the 
Yukon Territory (Watson, 1959) . Meteorological data 
were collected at Chitistone Pass during the summers of 
1967, 1968, and 1969 (see Table 2, p. 18 of this 
volume). The summer climate is cool and cloudy with 
high humidity and heavy precipitation. The surface 
winds are predominantly out of the south-southwest or 
north-northeast and are strongly influenced by topog
raphy. 

The weather during the 1969 field season followed the 
general pattern set the previous summers. It included, 
however, the record high and low temperatures to date: 
20.8°C and -10.0°C set on June 14 and August 12,1969, 
respectively. Also, 1969 was the wettest summer, with 
244 mm of precipitation. A record rainfall of 183 mm 
fell July 11 and a record snowfall of 254 mm fell on Au
gust 10, 1969. 

In 1969, the pass was snow covered when the fi~st field 
workers reached the camp on May 15. Most of the snow 

I Plates 1 and 2 are maps inside the back cover of this volume. 
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was gone by June 15. The remainder was found in pro
tected hollows where snow had accumulated to consider
able depths. Winter apparently set in on August 7 when 
the average daily temperatures dropped below freezing 
and remained below freezing until the camp was vacated 
on August 15. During this week, 406 mm of snow fell. 

The Micrometeorological Sites ' 

Two micrometeorological stations were established in 
the area, one over a soil-vegetation surface and one over 
an ice surface (Plate 2). Each site had identical elevations, 
identical exposures to the major wind and storm systems, 
and nearly identical exposure to insolation. The major 
difference in insolation exposure was that the glacier sta
tion was shielded from the early morning sun and the 
tundra site from the early evening sun. The duration of 
sunlight at both sites was nearly identical for the period 
of this study. 

The tundra station. Micrometeorological Station 1 
(Fig. 1) used by Brazel (1970,1972) in 1967 and 1968 
was chosen as the location for the tundra station for this 
study. This site (elevation, 1774 m) is located 24 m north 
of a small lake that forms the headwaters of the Chiti
stone River (Fig. 2 and Plate 2) . The summer permafrost 
table occurred 0.50 to 1.25 m beneath the surface. A 
small intermittent stream flows about 10 m to the east 
of the station, exposing a weathered and sorted mantle 
of gravel-sized basalt. The surface is covered with tundra 
moss, lichen, and grass. The nearness of the lake, the high 
permafrost, and the permeable gravel bed maintained a 
high water table. 

The glacier station. The Capps Glacier micrometeoro
logical station was established in the ablation area of the 
glacier at an elevation of 1743 m. The Capps Glacier is a 
cirque and valley glacier, roughly 500 m wide at the site 
of the station and 3 km long (Fig. 3). I t flows from 
south to north out of its cirque, over a series of steps, 
and then bends toward the west to deposit a large 
amount of debris on its north and east sides. A large ice
cored moraine borders the glacier on the north and 
forms a prominent ridge across the upper Chitistone val
ley. The Capps Glacier drains into the Chitistone River 
and is a major source of water for this stream. The micro
meteorological station is on the first of four gently slop
ing steps of the glacier about 400 m from the terminus. 
The instruments were placed over clean ice about 200 m 
south of the debris-covered ice and 100 m from the 
southern edge of the glacier. 

Field Research Methods 

Instrumentation. The instrumentation at both of the 
micrometeorological stations was nearly identical. Each 
station had a mast which held the temperature, humidi
ty, and wind-speed instruments. The mast on Capps Gla
cier also held the wind vane of the wind-direction re
corder. The temperatures were measured by copper-con
stantan thermocouples. The electromotive force generated 
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Fig. 1. The Chitistone Pass tundra micro meteorological station. 

was measured on a Leeds and Northrup potentiometer 
which used an ice bath as a reference junction. Air tem
peratures were taken at 0.5, 1.2, 1.7, and 2.2 m above 
the tundra surface and 0.4, 1.2, 1.7 and 2.2 m above the 
ice surface. Soil temperatures were recorded at the tun
dra site by one thermocouple placed less than 0.01 m, 
and a second 0.1 m, beneath the surface. 

In order to provide a continuity with earlier records, 
instruments at the tundra station were set at the same 
heights as those used by Brazel (1970). Though the low
est instrument over the glacier was at 0.4 m while that 
above the tundra was at 0.5 m, the difference in height 
does not introduce any error because the equations used 
to determine the energy balance at the air-surface inter
face use gradients of the observed parameters rather than 
discrete values. 

Wind speed was recorded by the use of counter-type 
totalizing anemometers. These were placed at the O.S-m 
and 1. 7 -m levels at the tundra station and at the O.4-m 
and 1.7-m levels at the glacier station. The vapor pressure 
at the O.4-m, 0.5-m, and 1.7-m levels was determined 
from wet and dry bulb temperatures taken on two aspi
rated psychrometers. 

Net radiation was measured by a Beckman-Whitley 
thermal net-exchange radiometer. The short-wave radi
ation components were measured by Eppley 180"" py
ranometers. The Capps Glacier station had two pyra
nometerSj the tundra station utilized one pyranometer 
which was rigged so that it could be inverted at every 
observation. A low profIle tent housed the potenti
ometer and other supplies needed by the field workers. 

Fig. 2. Looking northward through Chitistone Pass: (1) field camp; (2) Chitistone Pass mi· 
crometeorological station; (3) lateral moraine of "~nag" Glacier. 
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Fig. 3. Capps Glacier: (1) debris covered glacier; (2) ice-cored moraine; (3) micrometeoro
logical station. 

Barometric pressure was measured by an aneroid ba
rometer located at the camp site. This barometer pro
vided the pressure readings for both stations. Since the 
sites are at nearly the same elevation (31 m difference) 
and within 3 km of each other, it was assumed that the 
barometric pressure readings at one site closely approxi
mated those at the other site. The barometric pressure 
was used to calculate the vapor pressure at each micro
meteorological station. The error introduced by not hav
ing a barometer at each point of observation is insignifi
cant since the gradient, and not the absolute value of 
vapor pressure, is used in the latent heat-flux equation. 

Ablation of the Capps Glacier surface was measured 
for each 24-hour observation period. Two stakes were 
drilled into the ice and a wire stretched tightly between 
them. The height of the wire above the ice was mea
sured at five points along the wire at the beginning of 
the observation period and again at the end of the peri
od. The ablation for the day was taken as the average 
difference between these measurements. 

Data collection. The Chitistone Pass micrometeoro
logical station was manned at three-hour intervals from 
June 30 to August 4,1969 except when the Capps Gla
cier station was in operation, when it was operated 
hourly. In addition, the Capps Glacier instruments were 
read every 30 minutes for ten 24-hour periods between 
June 30 and August 4, 1969. Detailed observational 
data are given by Aufdemberge (1971). 

Data processing. The micrometeorological data were 
put on IBM computer cards. Two programs were writ
ten to reduce the temperature, wind speed, barometric 
'pressure, precipitation, and radiometer readings into 
energy terms. The first program calculated the complete 
radiation balance. The second calculated the turbulent 
heat fluxes. The energy used in ablation at the Capps 
Glacier was treated as a residual in the energy balance 

equation. Conduction of ground heat was calculated by 
the methods used by Sellers (1965) and Brazel (1972). 
The equations used are described in detail in the sections 
dealing with each component. 

The procedures outlined produced the following types 
of data for each observation at each site: (1) temperature 
at four levels; (2) wind speed at two levels; (3) vapor 
pressure at two levels; (4) saturation vapor pressure at 
the surface; (5) precipitation; (6) incoming, outgoing, 
and net short-wave radiation; (7) incoming, outgoing, 
and net long-wave radiation; (8) total incoming, outgoing, 
and net radiation; (9) sensible heat flux; (10) latent heat 
flux; and (11) energy used for ablation or conducted in
to the ground. These data were then analyzed and com
pared to determine if significant differences were to be 
found in temperatures and energy balances of each site. 

RADIATION 

The radiation balance is given by 

where R is net all-wave radiation; S is net short-wave ra
diation; L is net long-wave radiation. The subscripts j 
and 0 indicate incoming and outgoing radiation respec
tively. Each of these components is determined and ana
lyzed for the tundra station and the glacier station. Re
sults are compared to determine the effect the different 
surfaces may have on the radiation balance. 

Incoming and outgoing short-wave and incoming and 
net all-wave radiation were measured at both stations. 
Net radiation (R) was measured using a Beckman-Whitley 
net radiometer mounted horizontally with its sensing ele
ment 1.08 m above the surface. The terrestrial radiation 
(Lo) was calculated using the surface temperature and 
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the Stefan-Boltzmann law 

(2) 

where 

Lo = terrestrial or outgoing long-wave radiation 
€ = the emissivity of the surface material = 0.965 

for ice surface and 0.975 for tundra surface 
(Kondrat'yev, 1969, pp. 40 and 43) 

a = Stefan-Boltzmann constant = 8.132 X 10- 11 

cal/cm2 /min ' 
T K = temperature of the surface in OK. 

Insolation (Sj) was measured with an Eppley 180
0 

py
ranometer mounted to measure the solar radiation inci
dent on a horizontal surface. The reflected insolation 
(So) was measured by inverting the pyranometer. The 
pyranometer was mounted on a stand with the upright 
sensor 1.08 m and the inverted sensor 0.72 m above the 
surface. No attempt was made to separate the diffuse 
from the direct beam radiation. All components of 
short-, long-, and all-wave radiation, and albedo, were, 
therefore, either measur'ed or could be calculated by 
standard equations. 

Radiation was measured every hour at the tundra sta
tion and every 30 minutes on the glacier. The data are 
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summarized in Tables 1 and 2 and Figures 4-13. 

The Radiation Balance over a Tundra Surface 

Table 1 presents the daily radiation data for a tundra 
surface within Chitistone Pass and the amount of cloud 
cover observed for the daylight hours. These data are 
about as expected. The high albedo for June 30 resulted 
because there were still a few snow banks in the vicinity 
of the station; this snow melted before July 4. The ac
tinograph data are presented only as an indication that 
the data gathered by the pyranometers at the micro
meteorological station are reasonable. The mean insola
tion for the entire month of July as measured by the 
camp actinograph was 420 ly/day which indicates that 
the insolation on the 10 days of the study was slightly 
above average. 

Figure 4 shows the mean diurnal variation of the all
wave incoming (R j ), outgoing (Ro), and net (R) radia
tion. The most interesting aspects of these curves are the 
irregular all-wave incoming and all-wave net radiation 
lines after mid-day. The same irregularities are also ap
parent on the incoming (Sj) and net (S) short-wave radi
ation curves (Fig. 5). These irregularities illustrate the 
typical fair-weather pattern of clear mornings followed 
by the appearance of cumulus or other broken clouds 
which eventually develop into a full overcast during the 

TABLE 1. Daily Radiation Data, Chitistone Tundra, 1969 

Date Actino-
Sj Qe S;I~ So S Albedo 

graph· 

6/30 342.6 395.6 990 0.3996 - 141 .6 254.0 36 
7/4 147.0 126.8 983 0.1290 -20.3 106.5 16 
7/7 540.0 520.0 975 0.5333 -92.7 427.3 18 
7/12 534.0 420.4 958 0.4389 -64.3 356.1 15 
7/15 636.6 670.1 946 0.7126 -112.6 561.5 17 
7/18 670.8 707.9 932 0.7595 -119.1 588.8 17 
7/21 403.2 471.7 918 0.5139 --82.2 389.5 17 
7/27 481.8 522.8 879 0.5947 -110.1 412.7 21 
7/31 359.4 314.4 861 0.3647 -70.8 243.6 22 
8/3 512.4 478.7 842 0.5685 -74.9 403.8 16 

Mean 462.8 463.2 928 0.4985 --88.9 374.0 19.5 

Date Sky L j Lo L Rj Ro R 
cover 

6/30 8.6 594.3 -717.5 -123.2 989.9 -859.1 130.8 
7/4 10.0 541.8 -686.0 -144.2 688.6 -706.3 -37.7 
7/7 7.2 621.6 -724.9 -103.3 1141.6 --817.6 324.0 
7/12 6.8 564.0 -695.9 -131.9 984.4 -760.2 224.2 
7/15 3.8 509.0 -722.5 -213.5 1179.1 --835.1 344.0 
7/18 1.3 537.8 -746.5 -1208.7 1245.7 --865.6 380.1 
7/21 8.1 585.4 -716.4 -131.0 1057.1 -798.6 258.5 
7/27 5.8 538.5 -681.4 -142.9 1061.3 -791.5 269.8 
7/31 9.0 666.7 -700.8 -34.1 981.1 -771.6 209.5 
8/3 7.2 602.0 -718.7 -116.7 1080.7 -793.6 287.1 

Mean 6.8 576.1 -711.1 -135.0 1039.0 -799.8 237.7 

Note: The units for all the columns are Iy/day except for Sj/Qe which is dimensionless, albedo 
which is in %, and sky cover which is in teQths. Definitions of symbols used in headings are 
given in the Appendix. 
·The actinograph was located about 150 m northeast of and 20 m higher in elevation than the 
micrometeorological station. 
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TABLE 2. Daily Radiation Data, Capps Glacier, 1969 

Date Sj Oe S/Oe So S Albedo Sky 
% cover 

-_ ... _- --
6/30 434.2 990 0.4385 -87.0 347 .2 20 9 .0 
7/4 99.4 983 0.1011 -19.5 79.9 20 10.0 
7/7 367.4 975 0.3769 -107 .5 259.9 29 6.4 
7/12 426.7 958 0.4454 -193.2 233.5 45 6.4 
7/15 629.2 946 0.6651 -195.7 433.5 31 4.2 
7/18 717.9 932 0.7702 -222.1 495.8 31 1.5 
7/21 532.6 918 0.5801 -137 .5 395.1 26 7.9 
7/27 532.7 879 0.6060 -228.2 304.5 42 5.4 
7/31 520.1 861 0.6040 -154.6 365.5 30 8.2 
8/3 401.5 842 0.4768 -97.4 304.1 24 6.8 

Mean 466.2 928 0.5021 -144.3 321.9 32 6.6 

Date Lj Lo L R j Ro R 

6/30 588.1 -629.3 -40.9 1022.5 -716.2 306.3 
7/4 636.1 -629.3 7.0 735.6 -648.8 86.8 
7/7 641.4 -629.3 12.3 1008.9 -736.7 272.1 
7/12 563.1 -629.3 -66.0 989.8 -822.4 167.6 
7/15 651.1 -629.3 22.0 1280.5 -824.9 455.5 
7/18 658.3 -629.3 29.3 1376.3 -851.2 525.1 
7/21 587.5 -629.3 -41.6 1120.2 -766.8 353.4 
7/27 617.4 -629.3 -11.6 1150.1 -857.4 292.9 
7/31 566.9 -629.3 -62.3 1087.0 -783.8 303.3 
8/3 644.4 -629.3 15.3 1045.8 -726.5 319.4 

Mean 615.4 -629.3 -13.7 1081.6 -773.4 308.3 

Note: The units for all of the columns are in Iy/day except for 5j/Qe which is dimension less, albedo 
which is in %, and sky cover which is in tenths. Definitions of symbols used in headings are given in 
the Appendix. 

afternoons. This pattern appears to be connected with 
the classical diurnal wind pattern of mountain regions 
which is heightened by the southwesterly, upvalley flow 
of maritime air. The scattered-to-broken clouds cause 
fluctuation of insolation depending on the position and 
shape of individual clouds. The long-wave graph (Fig. 6) 
also shows clear morning skies. The higher afternoon 
readings may have been caused by the increased cloud 
cover and greenhouse effect. 
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Fig. 4. All-wave radiation over a tundra surface, Chitistone Pass. 
Each plotted point is the mean of ten readings taken at three to 
four day intervals between June 30 and August 4, 1969 . 

The Radiation Balance over Capps Glacier 

Table 2 presents the daily radiation data and amount 
of cloud cover observed during the daylight hours. Capps 
Glacier is similar to the tundra site with the following ex
ceptions: (1) the outgoing (So) and net (S) short-wave 
radiation, net (R) radiation, and albedo are greater over 
the glacier than over the tundra; (2) the outgoing long
wave (Lo) radiation and net long-wave (L) radiation are 
greater over the tundra than over the ice. 

The albedo column shows a great range which indicates 
that the reflectivity of the ablation zone of the glacier is 
quite variable. Robinson (1966, pp. 200-201) corrobo
rates this and concludes that the albedo of ice is a func
tion of the state of its surface. The two days with albe
dos of 42% and 45% had a light snow cover. The 20% 
albedos occurred when the glacier surface was rough 
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Fig. 5. Short-wave radiation over a tundra surface, Chitistone 
Pass. Each plotted point is the mean of ten readings taken at 
three to four day intervals between June 30 and August 4, 1969. 
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Fig. 6. Long-wave radiation over a tundra surface , Chitistone 
Pass. Each plotted point is the mean of ten readings taken at 
three to four day intervals between June 30 and August 4, 1969 . 

and pitted. In spite of these facts , the albedos of cases 
cited, as well as for the rest of the albedos presented, are 
lower by 3% to 10% than would be expected. They are 
certainly lower than the values of 37% to 60% reported 
by Keeler (1964, p. 19) and 45% to 57% reported by 
Lister and Taylor (1961, p. 34); their observations, how
ever, were made at sites which were snow covered for all 
or part of the measurement period, whereas the Gapps 
Glacier was, with the exception of the light snowfall of 
July 12 and July 27, not snow covered at the micro
meteorological station. 

The above discussion abou t albedo indicates: (1) there 
will be a marked difference in the net radiation between 
the accumulation and ablation zones of a glacier because 
the accumulation area will have a higher albedo; and (2) 
it is difficult, perhaps even fruitless, to compare the 
energy balance of two or more glaciers unless the con
dition and type of surface are specified. This points up a 
general problem facing all glaciologists: how representa
tive is the sample of the whole? 

Figures 7 and 8 present the average diurnal variations 
of each component of the radiation balance for Gapps 
Glacier. Insolation (Sj) is the dominant cause of the di
urnal variation noted. The depression in the reading at 
1300 hours as well as the general irregularity of the mid
day and afternoon readings noted for the tundra surface 
are also apparent for Gapps Glacier. Figure 9 shows the 
insolation (Sj) and net (R) radiation curves for July 18, 
an almost perfectly clear day. This graph shows none of 
the irregularities noted for days with partial cloud cover 
and is given as evidence that it is indeed the varying de
gree of cloud cover that introduces the fluctuations in 
the mean radiation curves plotted in Figures 4 to 8. 

Comparison between the Radiant Fluxes of a 
Tundra Surface and an Ice Surface 

Simultaneous radiation data of the same degree of ac
curacy have been presented. The data from the two sites, 
having different surface materials, are now compared 'to 
demonstrate that the thermal characteristics of the sur
face have a marked effect on the radiation balance at each 

69 

140 

1. 30 

120 

1 10 

1.00 

90 

.8 0 

.70 

.60 

. 50 

.40 

.30 

.2 0 

. 10 

o 
- .10 

- .20 

- .30 

-.40 

- .50 

- .60 

- .70 

(S) Snort WO ". 

(U Lo ng WOII' 

(R) All WOll e 
(1) Incoming 

(0) OulgOlng 

TIME 3 12 15 18 21 

Fig . 7 . Incoming and outgoing rad ia t ion , Capps Glacier. Each 
plotted po int is the mean of ten readings taken at three to four 
day intervals between June 30 and August 4 , 1969 . 

24 

site. The data were analyzed by comparing (1) the daily 
mean data, (2) the mean diurnal promes, and (3) the in
dividual observations. 

Comparison of the daily means. Table 3 shows that 
there is little difference in the mean incoming compo
nents of the radiation balance. This is expected since the 
elevation and cloud cover are nearly identical at the two 
sites. The slight differences of 1%, 7%, and 4% observed 
are probably due to topographic differences between the 
two sites. The outgoing short-wave (So ) and outgoing 
long-wave (Lo ) radiation are quite different. This is ex
pected. The outgoing short-wave (So) radiation is greater 
over the glacier than over the tundra because ice has a 
greater reflectivity than tundra. The outgoing long-wave 
(Lo) radiation is greater over the tundra than over ice 
because the tundra emits more terrestrial radiation than 
does the glacier. Because of these combined factors, the 
glacier received 23% (69.31y/day) more energy than did 
the tundra surface. This energy melts the glacier surface 
and is remov!:d by runoff. 

Comparison of the daily march of radiation. Mean di
urnal promes of each component of the radiation flux are 
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Fig. 8. Net radiation , Capps Glacier. Each plo tted po int is the 
mean of ten readings tak en at three to fou r day intervals be
tween June 30 and August 4, 1969. 
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Fig. 9. Insolation and net radiation over Capps Glacier during a 
clear day,]uly 18,1969. 

plotted for the tundra and glacier sites (Figs. 10-13). In
coming short-wave (Sj) radiation curves (Fig. 10) are 
slightly out of phase for the two sites. THis is caused by 
horizon topography. Direct insolation strikes the tundra 
site before it does the glacier station since the glacier is 
shaded from the early morning sun; conversely, the tun
dra station enters the shadow of Mt. Wolverine sooner 
than does the glacier station. The outgoing short-wave 
(So) lines show that the glacier reflects more energy than 
does the tundra. The greatest difference can be seen in 
the graph of net short-wave (S) radiation (Fig. 11). Note 
the generally lower, net short-wave radiation at the gla
cier and the cross-over at 1400 hours. The former re
flects the fact that the surface material creates the dif
ference in the two radiation balances. The latter is best 
explained by differences in exposure and available sun
light. 

Figure 12 presents the superimposed long-wave pro
fIles of the tundra and glacier stations. The net long-wave 
(L) lines are similar during the night time (1800 to 0500 
hours) with the glacier emitting less energy than does the 

TABLE 3. Comparison of Daily Mean Radiation over a 
Tundra and an Ice Surface (Chitistone Pass and Capps 

Glacier) June 30-August 4, 1969 

Tundra Ice Ice-Tundra % Difference 

Short·wave 
Incoming 463.2 466.2 3.0 1 
Outgoing -88.9 -144.3 55.4 38 
Net 374.3 321.9 52.4 - 16 

Long-wave 
Incoming 575.5 615.4 39.9 7 
Outgoing -711.1 - 629.3 -81.8 - 12 
Net -135.6 -13.9 -121.7 -{l0 

All-wave 
Incoming 1038.7 1081.6 42.9 4 
Outgoing -800.0 - 773.6 - 26.4 -3 
Net 238.7 308.0 69.3 23 

Albedo 19 32 13 

Note: Units are in Iy/day. The numbers represent the mean 
amount for the ten days of the study. 
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Fig. 10. Incoming and outgoing short-wave radiation for the 
Chitistone Pass tundra and Capps Glacier. Each curve represents 
ten sets of data taken at three to four day intervals between 
June 30 and August 4 , 1969. 

tundra. During the daylight hours the lines diverge with 
the glacier having positive net long-wave (L) radiation 
between the hours of 0900 and 1500. This divergence is 
primarily the result of the difference in terrestrial radia
tion which is a function of surface temperature. 

The long-wave incoming (L j ) radiation curves (Fig. 12) 
show that the glacier during the morning receives more 
incoming long-wave (Lj) radiation than does the tundra 
site and the tundra station receives more during the after
noon. One possible explanation for the latter is suggested. 
Incoming long-wave radiation depends on the tempera
ture of the air over the site, the reflection of terrestrial 
radiation by clouds, and the presence of water vapor. It 
is assumed that the air temperature above the boundary. 
layer at the glacier and tundra st'!tions is similar and con
trolled by the prevailing air mass. The cloud cover over 
each station, as measured by tenths of sky cover, is the 
same. The glacier site may receive a smaller amount of 
long-wave radiation because it emits less terrestrial radia
tion (see above) and therefore less may be reflected by 
the greenhouse effect created by the increased cloud 
cover of the afternoons. 

Topography cannot explain the differences in the long
wave incoming radiation because it would favor larger 
counterradiation in the morning for the pass station in
stead of the converse. The slopes of Mt. Wolverine are 
oriented to receive nearly direct morning insolation. This 
should heat the slopes and increase the long-wave radia
tion intercepted at the tundra site. The data deny this. 
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Fig. 12. Long-wave radiation for Chitistone Pass tundra and 
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Neither does topography account for the high incoming 
long-wave (Li) radiation recorded in the morning at Capp~ 
Glacier. Although the north slope of "Mt. Conteaco" in
tercepts the morning sun directly, its surface contains a 
small hanging glacier which keeps it from radiating 
strongly toward the glacier site . 

Little difference exists between the three pairs of plots 
showing the all-wave radiation balance (Fig. 13). The 
promes are nearly parallel except for the plots of incom
ing (Ri) and net (R) radiation at 1300 hours. Two obser
vations should be made: 

(1) The tundra site received slightly more incoming (Ri) radia
tion in the morning hours and the glacier site slightly more 
during the afternoon, with the glacier receiving the larger 
total for the day. 
(2) The glacier received a significantly larger net (R) radia
tion than did the tundra station. This difference can be at
tributed to the lower outgoing long-wave (La) radiation at 
the glacier, since the ice surface never became warmer than 
O°C while the tundra surface regularly did (see Table 4). 
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Fig. 13. All-wave radiation balance of Chitistone Pass tundra 
and Capps Glacier. The curves represent ten sets of data taken at 
three to four day intervals between June 30 and August 4, 1969. 

NON RADIATED HEAT FLUXES 

Heat Fluxes Due to Turbulence and 
Evaporation or Condensation 

71 

The energy fluxes at the air-surface interface due to 
turbulence and evaporation or condensation of water 
were not measured directly. They are estimated instead 
by the use of the aerodynamic equations. The sensible 
and latent heat fluxes are, therefore, calculated by ana~ 
lyzing the gradients of temperature, vapor press~e, and 
wind velocity, all of which were measured at both tundra 
and glacier micrometeorological stations. 

The aerodynamic equations have been used widely in 
determining the sensible and latent heat fluxes, especially 
over water, snow, and ice. This approach, however, has 
a number of constraints which make it less effective than 
might be desired. Atmospheric stability or instability in
troduce certain problems, some of which can be circum
vented. Other difficulties include determination of the 
surface temperature and especially the surface vapor pres
sure. These are less difficult to determine over glacier sur
faces than over tundra. The wind speed variation with 
height must be known as well as the height (zo) at which 
the wind velocity reaches zero. The latter is difficult to 
determine empirically. In spite of these difficulties, the 
field research was designed to use the aerodynamic equa
tions. 

The basic aerodynamic equation for the sensible heat 
flux may be written 

H=pCpKH [:; +rJ (3) 

where 

H = quantity of sensible heat flux in Iy /sec 
p = air density at the elevation of the study area 

Cp = specific heat of air at constant pressure 
KH = coefficient of eddy conductivity 

6 T/6Z = vertical air temperature gradient in QC/cm 
r = dry adiabatic lapse rate, O.OOOl°C/cm . 

The general aerodynamic equation for the calculation 
of the latent heat £lux may be written 

W=pKE [:: +rJw (4) 

where 

W = latent heat £lux in Iy/sec 
KE = coefficient of eddy diffusion for water vapor 

6E/6Z = vapor pressure gradient 
w = heat of vaporization of water = 600 cal. 

These equations are based on the assumption that the 
coefficients of eddy conductivity (KH) and eddy diffu
sion for water vapor (KE) equal the coefficient of verti
cal transfer of vertical momentum (KM) (Lister and 
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Taylor, 1961, p. 6; Keeler, 1964, pp. 23, 27, 28; Lou
geay, 1969, p. 91). This assumption is necessary because 
the coefficient of eddy conductivity cannot be calculated 
from the data available, while the vertical transfer of mo
mentum (KM) can be determined by analyzing the verti
cal wind velocity gradient according to the equation 

where 

U K 2 Z K =_Z __ 
M In (Z/zo) 

KM = vertical transfer of momentum 
Uz = wind velocity at height Z 

In = natural logarithm base 2.71828 
K = von Karmen's constant = 0.4 
Z = height above surface in cm 

Zo = roughness parameter in cm. 

(5) 

Rider and Robinson (1951, pp. 389 and 397) note that 
the assumption that KH = KM holds under neutral to 
near neutral conditions; that is, when the air tempera
ture gradient is equal or nearly equal to the dry adi
abatic lapse rate and when the wind velocity varies with 
the logarithm of the height. 

A number of operational variations of these aerody
namic equations can be used. Those used by Streten and 
Wendler (1968) were found to be the most useful for 
this study. The Streten and Wendler equation is after 
Lettau (1949) and has the advantage that it attempts to 
take the nonadiabatic vertical temperature case into ac
count by introducing· an unusual equation for the Rich
ardson number (Ri): 

where 

g = acceleration of gravity (980 cm/sec/sec) 
TK = average air temperature in OK 
U* = friction velocity in cm/sec (see equation 7). 

Streten and Wendler use wind velocity data from only 
one level. They assume that the logarithmic law for wind 
speed variation with height holds and calculate a param
eter known as the friction velocity (U * ) by using the 
equation 

Uz 
U =--------

* l/Kln[(Z- zo)/zol 
(7) 

By introducing equations 6 and 7 into equation 3 they 
arrive at the following operational equation for estimat
ing the sensible heat flux: 

[
p U*K(ZI +zo)] 

H=C 
p (1+Ri)2 

~T2 -Td/(~2Z2 -lnZI~ 
(8) 
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where Ri is the Richardson number defined by equation 
6. 

Streten and Wendler (1968, p. 437) derive the follow
ing operational form of the general aerodynamic equa
tion for the calculation of the latent heat flux between 
two levels above the surface. 

where 

0.623 = constant of conversion from vapor pressure to 
specific humidity 

(3 = atmospheric pressure in mb. 

The equation can be varied to calculate the latent heat 
flux between a given height and the surface as follows: 

Equation 10 is used to calculate the data analyzed in this 
report. Full details are given elsewhere (Aufdemberge, 
1971). 

Equations 8 and 10 are based on the following assump
tions: (1) the logarithmic law of wind speed variation 
must hold; (2) neutral or near neutral stability conditions 
must exist; and (3) the air within the boundary layer 
must be saturated. These conditions were met by most 
of the field data used in this report (Aufdemberge, 1971) . 
Nonneutral stability conditions in the lower atmosphere 
occurred only 3% to 11% of the time. Since the Streten 
and Wendler equations compensate for these conditions, 
the over estimation or under estimation of the latent and 
sensible heat fluxes due to these conditions are held to a 
minimum. The assumption of saturated air within the 
boundary layer could not be made for the tundra site, 
since the surface was often dry; therefore equation 10 
was not used to estimate the latent heat flux at the tun
dra station. 

Heat Fluxes Due to Precipitation 

The temperature of precipitation, usually rain, was 
either warmer or cooler than the tundra surface and al
ways warmer than the ice surface. To determine the as
sociated heat flux, it was necessary to determine the 
temperature of the precipitation. Since this could not be 
done in a direct manner, it was assumed that the tempera
ture of the precipitation was roughly equivalent to the 
temperature of the air at the 1.7-m level. The amount of 
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precipitation that fell during the time instruments were 
in operation was so small that any error introduced into 
the computed energy flux by an inaccurate precipitation 
temperature was insignificant. 

The energy fluxes due to precipitation were calculated 
using the expression used by Keeler (1964) for the Sver
drup Glacier: 

where 

P = energy flux due to precipitation in ly/sec 
Cw = specific heat of water = 1.0 lytC 
Tp = temperature of precipitation in °c 
Ts = temperature of the surface in °c 
p = precipitation in g/cm2

• 

(11) 

Applying equation 11 to the data of the 1969 field sea
son it was computed that 0.9Iy/day, on the average, was 

. added to the glacier by precipitation. Some precipitation 
was recorded on 7 of the 10 days with only 2 days, July 
4 and July 12, adding more than 1Iy/day. On the aver
age, OAly/day was used to heat the precipitation that 
fell on the tundra. The amounts per day are given in 
Tables 4 and 5. Energy flux due to precipitation was 
very small. 
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Heat Used in the Ablation Process 

The amount of energy, M, used to melt the glacier can 
be determined in two ways: (1) by calculating M as a re
mainder in the energy balance or (2) by measuring the 
ablation and multiplying this by the heat of fusion. A 
measurement of ablation for each day of the study was 
attempted. Many of the difficulties discussed by Muller 
and Keeler (1969) were encountered, and the measure
ments proved unreliable. Therefore the energy-balance 
approach was used to determine M, the heat used in 
ablation : 

M = 0.0 - (R + H + W + P + I) 

where 

R = net radiation 
H = sensible heat flux 
W = latent heat flux 
P = heat flux due to precipitation 
I = conduction into glacier. 

(12) 

All of these terms have already been discussed and are 
known, except for the amount of heat conducted into 
the glacier (1). Since Capps Glacier was isothermal in the 
top 2 m, the amount of heat conducted into the glacier 
equaled zero. Thus the heat used in ablation could be 

TABLE 4. Daily Energy Balance, Wind Velocity, and Temperature Data, 
Chitistone Tundra, June 30-August 4, 1969 

Date R H W P G 

6/30 130.9 -52.4 -37.4 2.3 -43.3 
7/4 - 37.7 -35.0 99 .8 -2.7 - 24.4 
7/7 324.0 ~3.8 -195.1 -0.1 ~5.0 

7/12 224.2 -47.5 -113.9 -0.3 ~2.5 

7/15 344.0 -73.3 -224.2 0.0 -46.5 
7/18 380.1 -110.2 - 210.8 0.0 - 59.1 
7/21 258.5 -97.0 -100.2 -0.3 ~1.0 

7/27 269.8 -73.9 -163.8 0.0 -32.1 
7/31 209.5 -58.2 -92.2 -2.2 -56.9 
8/3 287.1 -32.9 -198.2 -0.1 -55.9 
Mean 239.0 ~.4 -123.6 -0.4 -50.6 

Date Uso UI?O T_,o To Tso T'lO T'70 T"o 

6/30 221 257 6.67 8 .50 6.83 6.83 6.61 6.61 
7/4 263 315 4.72 5.17 4.39 4.11 4.06 4 .06 
7/7 262 313 6 .22 8.94 5.83 5.61 5.50 5.44 
7/12 188 218 3.72 6.94 5.17 4 .94 4.89 4 .44 
7/15 278 319 6.89 8.39 6.28 6.06 6.00 5.94 
7/18 278 328 8.67 11.61 9.39 8.78 8.72 8.72 
7/21 197 239 5.67 7.83 4.89 4.67 4.61 4.50 
7/27 375 444 3.38 4.71 3.40 3.34 3.29 3.29 
7/31 151 185 4.17 5.89 2.44 2 .22 2.17 2.17 
8/3 194 237 6.11 7.06 6 .78 6.56 6.56 6.56 

Note: Energy components are in Iy/day; wind velocities are in cm/sec; temperatures are in 
QC. Definitions of symbols used in headings are given in the Appendix. The subscripts give 
the height of measurement in cm. 
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TABLE 5. Daily Energy Balance, Wind Velocity, Temperature, and Vapor 
Pressure Data, Capps Glacier, June 3D-August 4,1969 

Date R H W P M 

6/30 306.3 61.8 37.3 0.1 405.5 
7/4 86.8 19.7 14.0 5.9 126.2 
7/7 272.1 45.8 14.1 0 .2 332.4 
7/12 167.6 22.7 22.0 1.5 213.8 
7/15 455.5 39.6 20.4 0.0 515.5 
7/18 525.1 76.5 58.3 0 .0 660.1 
7/21 353.4 44.0 40.7 0.7 438.8 
7/27 292.9 89 .7 29.1 0.0 411.7 
7/31 303.3 19.2 17.9 0.8 341.2 
8/3 319.4 40.6 20.1 0 .2 380.3 
Mean 308.3 46.0 27.4 0.9 382.6 

Date Uoo U.70 Too T 120 T 170 T 220 Eoo E. 70 

6/30 188 256 5.50 6.44 6.67 7.00 8.40 8 .91 
714 128 200 3.11 3 .33 2.44 3.56 7.77 7.91 
717 144 217 3.11 3.72 3.89 4 .06 7.58 7.80 
7/12 151 186 3.50 3.83 4 .00 4 .11 7 .67 7 .95 
7/15 139 185 4 .56 5.28 5 .44 5 .50 7 .99 8 .38 
7/18 159 222 5.28 6.33 6.56 6.61 7.95 8 .56 
7/21 220 268 3.72 4 .17 4.28 4 .39 7.46 7.82 
7/27 319 447 2.11 2.56 2.72 2.89 6 .26 6.48 
7/31 181 239 2.00 2.28 2 .28 2 .39 6.91 7.13 
8/3 131 175 4 .78 5 .78 5 .61 5.83 8.41 8 .85 

Note: Energy components are in Iy/day; wind velocities are in cm/sec; temperatures are in QC; 
vapor pressures are in mb. Definitions of symbols used in headings are given in the Appendix. 
The subscripts give the height of the measurement in cm. 

considered as a residual . It was found that an average of 
382.6 ly/day were available to melt the glacier, enough 
to ablate 4.78 cm/day. Dozier (1970) determined the 
mean ablation for the period June 30 to September 4 to 
be 4.5 cm/day, which is in good agreement with the ab
lation predicted from the energy-balance equation. The 
daily values of M are given in Table 5. 

Conduction of Heat into the Ground 

The heat (G) conducted into the ground at the tundra 
site can be evaluated by the equation suggested by Munn 
(1966, p. 33) and Sellers (1965, p. 127): 

where 

aT 
G=A

aZ 

A = thermal conductivity of the soil 
a T/aZ = soil temperature gradient. 

(13) 

The soil temperature gradient was determined by tem
perature probes placed at a depth of 0.1 m and just be
low the surface. 

A thermal conductivity (A) of 0.00284 was determined 
for the tundra station in 1969 by following the proce
dure used by Sellers (1965) and Brazel (1972): 

A = [0 .25Cw + 0.5OCm + 0.25CoJ X 

[(2 [2':d,y ~ ~m .. ~~ = :::'«1)] 
where 

Cw = specific heat of water = 1.0 cal/cm3 tc 
Cm = heat capacity of mineral portion of soil = 

0.46 cal/cm3 tc 
Co = heat capacity of organic portion of soil = 

0.60 cal/cm3 tc 

(14 ) 

tm ax(2) = the time at which the maximum temperature 
is reached at level 2 

t max (1) = the time at which the maximum temperature 
is reached at level 1. 

The above values for Cm and Co were taken from Brazel 
(1972). 

The mean value for the soil heat flux for the tundra 
site in Chitistone Pass was calculated as 50.6 ly/day. The 
daily values of the soil heat flux are given in Table 4. 

THE ENERGY BALANCE 

The objective of this study was to determine the effect 
two different surfaces had on the energy balance over 
those surfaces. Up to this point the discussion has focused 
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upon the determination of the individual components 
making up the energy balance ovet an ice or tundra sur
face. These data are now consolidated and the energy 
balance over each type of surface is discussed and ana
lyzed. 

The Energy Balance Equations 

The energy balance for Capps Glacier is: 

R + H + W + P + M + 1= 0.0; 

for Chitistone Pass tundra it is: 

R + H + W + P + C + V = 0.0 

(15) 

(16) 

where R, H, W, P, M, C, and I are as in earlier equations, 
and 

V = the energy used in the photosynthesis or released 
by the decay of plant material. 

In the tables that follow, the sign given these param
eters indicates the direction of the energy flow. A posi
tive sign means energy is added to the surface from either 
the earth or the atmosphere. A negative sign means ener
gy is leaving the surface and going either into the earth 
or the atmosphere. The first four elements in each equa
tion are identical. The last two, while not identical, have 
the same physical function: each serves as a heat sink 
and each removes energy from the surface. 

To recapitulate, the net radiation was measured by 
radiometer, the sensible heat was calculated using the 
Streten and Wendler operational form of the aerodynam
ic equation, and the heat flux due to precipitation was 
determined by the temperature difference between the 
precipitation and the surface. For the tundra station, the 
soil heat flux was estimated using the soil temperature 
gradient and the latent heat flux was treated as a residual 
in the energy-balance equation. In the glacier case, the 
latent heat was calculated using the aerodynamic equa
tion for the latent heat flux and the amount of energy 
available for ablation was treated as a residual. 

The Energy Balance for Chitistone Pass Tundra 

The energy balance for Chitistone tundra is summar
ized in Table 4 and illustrated by Figure 14. Radiation is 
the major source of energy, producing 85% of the total 
energy reaching the surface and 91% of the energy added 
from the atmosphere. Evaporation was the largest heat 
sink, accounting for 50% of the total energy leaving the 
surface. The soil flux is the second largest heat sink (21%) 
and represents the amount of energy conducted away 
from the surface into the ground where it heats the soil 
and melts the permafrost. The sensible heat flux removes 
15% of the energy from the surface and the net radiation 
at night accounts for the remaining 14% of the heat loss. 
There is a close relationship between the sensible heat 

.60 

.50 

.40 

.30 

.20 

. 10 

o 
-.10 

-.20 

-.30 

-.40 

TIME 3 12 

75 

15 18 21 24 

Fig. 14. Energy balance for the tundra surface of Chitistone Pass. 
Each plotted point is the mean of ten readings taken at three to 
four day intervals between June 30 and August 4, 1969. R = net 
radiation; G = ground conduction; H = sensible heat; and W = la
tent heat. 

flux and the air temperatures and wind speed. For ex
ample, the largest amount of sensible heat for a 24-hour 
period was recorded on July 18, 1969. The highest air 
temperatures and the second highest wind speeds also oc
curred on that date. Similar examples can be found in 
Table 4. Diurnal variations of net radiation control sur
face temperatures, which in turn regulate both the 
amount of energy returned to the atmosphere by latent 
and sensible heat and the amount of heat conducted into 
the ground. 

The Energy Balance for Capps Glacier 

Figure 15 and Table 5 present the mean energy ex
change data for Capps Glacier station. Note that energy 
was added to the glacier surface throughout the day by 
the transfer of sensible (H) and latent (W) heat as well as 
by radiation (R). Radiant energy makes up 80% of the 
energy input at Capps Glacier with the sensible heat flux 
adding 12% and the latent heat flux 5%. There is a very 
close relationship between the sensible heat flux and the 
air temperatures and wind speed. For example, July 27 
received the greatest amount of energy via sensible heat. 
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Fig. 15. Energy balance for the ice surface of Capps Glacier. 
Each plotted point is the mean of ten readings taken at three to 
four day intervals between June 30 and August 4, 1969. R = net 
radiation;H = sensible heat; W = latent heat; and M = heat used 
in ablation. 
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The greatest mean wind velocity was also recorded on 
that date. July 7 and July 18 had nearly the same wind 
speed. The latter gained 76.5 ly and the former gained 
45.8 ly via sensible heat. The reason for this difference 
was that July 18 was 2.67°C warmer than July 7. The 
same relationship shows up between the latent heat flux 
and the vapor pressure and wind speed. For example, 
July 18 shows the greatest vapor pressure gradient and 
the highest input via latent heat. July 7 and July 27 
show the same vapor pressure gradient. July 27 recorded 
the higher wind speeds and the higher heat gain via la
tent heat. 

The net energy exchange for the Capps Glacier pro
vides enough energy to melt 4.78 cm of ice per day. This 
compares well with the mean ablation of 4.5 cm/day 
measured by Dozier (1970). This is taken as evidence 
that the heat-balance equation gives an accurate estimate 
of the sensible and latent heat fluxes at Capps Glacier. 

Capps Glacier and Chitistone Tundra 
Compared 

There is a difference in the energy balance between 
Capps Glacier and the tundra of Chitistone Pass and this 
difference can be attributed to the different thermal char
acteristics of the surface of each site. 

The surface of the glacier station had on the average 
332.1 more langleys per day available for melting the ice 
than the tundra had for heating the ground (Table 6) . 
This large difference is due to (1) the differences in the 
net radiation flux, and (2) the differences in the sensible 
and latent heat fluxes. The mean promes of the sensible 
and latent heat fluxes at the two stations are shown in 
Figures 16 and 17 respectively. The sensible heat flux 
over the glacier ice is always positive while over the pass 
it varies diurnally from positive during the day to nega
tive during the night. The two promes of latent heat di
verge during the daylight hours. Taken together these 
fluxes add energy to the surface of the glacier and re
move it from the tundra. 

The differences between non-radiative heat fluxes are a 
response to the surface-to-air gradients of air tempera
ture, relative humidity, and wind speed. Air temperatures 
over the glacier and the pass are not greatly different; 
therefore the magnitude of the gradient and direction of 
energy flux depend upon the surface temperature, which 

TABLE 6. Comparison of the Cap ps Glacier and 
Chitistone Tundra Energy Balance 

R H W P G orM 

Capps 
Glacier 308.3 46.0 27.4 0.9 -382.6 

Chitistone 
Tundra 239.0 --64.4 -123.6 -0.4 -50.6 

Difference 69.3 110.4 ~ T3 332.1 

Note: Definitions of symbols used in headings are given in the 
Appendix. 
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12 15 18 21 2 4 

C t'lltist one Pan Capps Glacier --

Fig . 16. Sensible heat flu x-Chitistone tundra and Capps Glacier. 
Each curve represents ten sets of data taken at three to four day 
in te rva ls betwee n Ju ne 30 and August 4, 1969. 

in turn is controlled by the surface material. The glacier 
never warms above O°C, but the tundra surface was often 
warmer than O°C because heat was added whenever the 
net radiation was positive. When the air above the surface 
is cooler than the surface, energy will be removed from 
the surface (the Chitistone Pass case); when the air above 
the surface is warmer than the surface, energy will be 
added to the surface (the Capps Glacier case). 

The difference in temperature between the surface of 
the tundra and the glacier also sets up the physical con
ditions necessary to explain the marked differences in 
the latent heat fluxes. Warm air (> O°C) coming in con
tact with the glacier is cooled by conduction, which re
leases heat of condensation if the dew point is reached. 
This was a common occurrence and accounts for the 
high positive latent-heat flux over the glacier from 1100 
to 2000 hours. During these same hours the air over the 
pass was warming as it contacted the warmer tundra sur
face. 

Relationship of Present Study to Other 
Energy-Balance Research 

This study compares differences in the energy budget 
across ice and tundra surfaces. It is useful to compare 
the results to those of other micrometeorological investi
gations over ice, snow, and land surfaces. Thirty-seven 
papers were examined, particularly in terms of the per
centage breakdown of components contributing to the 
total energy balance. These include the eighteen energy
balance summaries reported in Orvig (1954), Lougeay 
(1969) , and Marcus (1964) as well as eighteen other mi
croclimatic investigations summarized in Aufdemberge 
(1971) . 
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Fig . 17 . Latent heat flux-Chitistone tundra and Capps Glacier. 
Each curve represents ten sets of data taken at three to four day 
intervals between June 30 and August 4, 1969. 
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Energy balance studies over ice surfaces. Fifteen pa
pers, reporting 21 sets of energy-balance data gathered 
over ice surfaces, were examined. With one exception 
(Ericksson, 1942) net radiation is given as the major 
component of the energy balance. When the latitude of 
the study site is held constant the elevation of the site 
appears to be the key factor. Those with low radiation 
percentages are located at lower elevations. For example, 
Streten and Wendler (1968) reported that radiation pro
duced 51% of the energy at Worthington Glacier, Alaska 
(61°N) while at Capps Glacier (61°N) radiation account
ed for 80%. This difference may in part be attributed to 
the fact that the Worthington Glacier is 893 m lower in 
elevation than Capps Glacier. Hoinkes (1955) studied 
four Austrian glaciers at nearly the same latitude-two 
near 3000 m and two near 2300 m elevation. The former 
received 81% to 84% and the latter 58% to 65% of their 
energy input by radiation. Exceptions are noted. wallen 
(1948) shows the radiation input over the Karsa Glacier 
in Sweden to range from 45% to 84% of the net energy 
exchange. His measurements were taken over the same 
site, but at seven sampling periods over four years, in
dicating the importance of non-elevational factors such 
as cloud cover, storm tracks, and vapor. 

When elevation is held fairly constant the latitude of 
the study site appears to be the key factor. Those with 
low radiation percentages are located at lower latitudes. 
Badgley (1961), Untersteiner (1961), and Wallen (1948), 
for example, report data from studies conducted at ele
vations of less than 100 m but at different latitudes 
(83°N, 82°N, and 68°N, respectively). Badgley and Un
te!"steiner report respective net radiation values of 95% 
and 94% while Wallen gives a value of 65%. Adkins 
(1958) and Hoinkes (1953 and 1955) collected data 
from 1700 m and 2300 m respectively. Here again the 
latitudes were different (56°N, 47°N, and 46°N) and net 
radiation produced 75%, 58%, and 65% of the energy 
balance. At Capps Glacier (61 ON, 1743 m) 80% of the 
energy balance can be attributed to net radiation, a 
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figure in good agreement with data for other glaciers. 

At high latitudes and altitudes, the radiation compon
ent provides the key to the total energy balance over 
glacier surfaces. As long as the type of surface is held 
constant, latitude and altitude should be the primary 
causative factors of the energy balance. 

Energy balance over soil and tundra. Relatively few 
energy-balance studies have been accomplished over a 
tundra surface, although the Soviets have been recently 
active in this field. The investigations by Terjung, et al. 
(1969), Brazel (1970), and Ahrnsbrak (1968) are com
parable to this study. In all of these, radiation makes up 
the entire net energy input taken over durations of a day 
or longer. The full spectrum of energy balance data for 
Chitistone Pass and those reported by Terjung, et al. for 
the high alpine tundra in the White Mountains of Califor
nia show good agreement. For radiation data only, 1969 
Chitistone Pass data are similar to those of Brazel and 
Ahrnsbrak. There are, however, considerable differences 
in the percentages of sensible and latent heat fluxes. 

SUMMARY 

From the preceding discussion, it can be seen that the 
surface material is the major cause of the difference ill 
the sensible and latent heat fluxes found between the 
glacier and the tundra. 

The energy balance measured and calculated at the gla
cier site is significantly different than that found in the 
same vicinity over tundra. These differences, as well as . 
temperature differences found between Chitistone Pass 
and Capps Glacier, are summarized in Table 7. These 
data demonstrate the marked effect of physical and 
thermal characteristics on the summer temperatures at 
each station. The moderating effect of Capps Glacier is 
shown by lower mean temperatures, lower average maxi
mum temperatures, and a smaller average range. Also, 
the glacier reflects 40% more insolation than does the 

TABLE 7. Summary Table 

Energy Balance Components (ly/day) 
Net radiation 
Sensible heat 
Latent heat 
Precipitation heat 
Energy sink· 

Temperatures at 170 cm 
Mean 
Maximum 
Minimum 
Range 

Temperatures at 50 cm 
Mean 
Maximum 
Minimum 
Range 

·Heat used in ablation or soil heat flux. 

Chitistone Tundra 

239.0 
-64.4 

-123.6 
4>.4 

-50.6 

5.3°C 
7.5 
3.1 
4.4 

5.6° C 
8 .6 
2.9 
5.7 

Capps Glacier 

308.3 
46.0 
27.4 

0.9 
-382.6 

4.6°C 
6.3 
3.1 
3.2 

3.8°C 
5.4 
2.3 
3.1 

Difference 

+69 .3 
+110.4 
+ 151 .1 

+1.3 
+332.1 

4>.8°C 
-1.2 
4>.0 
-1 .2 

-1 .8° C 
-3.2 
4>.6 
- 2.6 
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tundra, causing the glacier to receive 16% less short-wave 
radiation than does the tundra. In short, the glacier re
ceives more long-wave radiation but less short-wave radi
ation than does the tundra. These compensating differ
ences in the net radiation balance produced 20% more 
radiant energy input to Capps Glacier than to Chitistone 
Pass tundra. 

Differences of surface temperature between the two 
sites resulted in net energy added to the surface of the 
glacier and net energy removed from the tundra via the 
sensible and latent heat fluxes. In total, the glacier sta
tion received 332 ly/day more energy than did the tun
dra site. Thus the glacier had a cooling and moderating 
effect on the air temperatures above and immediately 
around it. 
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APPENDIX 

LIST OF SYMBOLS USED IN TEXT 

Cm heat capacity of the mineral portion of soil Cw specific heat of water 

Co heat capacity of the organic portion of soil E vapor pressure 

Cp specific heat of air at constant pressure G soil heat flux 

g acceleration of gravity So outgoing short-wave radiation 

H sensible heat flux T temperature in °c. Subscripts give height above 
I heat conduction into glacier surface in cm. 
K von Karmen's constant Tp temperature of precipitation in °c 

coefficient of eddy diffusion for water vapor . oK KE TK temperature In 

coefficient of eddy conductivity 
. ° 

KH Ts temperature of surface in C 

KM coefficient of vertical transfer of vertical momen- U wind velocity in cm/sec. Subscripts give height 

turn above surface in cm. 

L net long-wave radiation U* friction velocity 

L j incoming long-wave radiation V energy used in photosynthesis or released by decay 

Lo outgoing long-wave radiation of vegetable material 

In natural logarithm base 2.71828 W latent heat flux 

M heat used in ablation Z height. Subscripts give value of height in cm. 
p heat flux due to precipitation Zo roughness parameter 

p precipitation ~ atmospheric pressure 

Oe theoretical global radiation for 61°N latitude E emissivity of surface material 

R net all-wave radiation [) difference 

Rj incoming all-wave radiation r dry adiabatic lapse rate 

Ra outgoing all-wave radiation X thermal conductivity of the soil 

Ri Richardson Number w heat of vaporization of water 

S net short-wave radiation p air density 

Sj incoming short-wave radiation a Stefan Boltzmann constant 

1 
I 
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A Note on Topoclimatic Variation of Air Temperature, 

Chitistone Pass Region, Alaska 

Anthony J. Brazel* 

Introduction 

As part of the High Mountain Environment Project cli
matic program (Marcus, pp. 1-12, this volume), a nine
station network of thermographs was established in the 
Chitistone Pass region, Alaska to investigate elevational 
and topographical effects on air temperature. Tempera
ture stations are located in Figure 1 and described in 
Table 1. 

'Topoclimate' refers to the variation of climatic ele
ments over diverse terrain (Thornthwaite , 1954; Geiger, 
1965). It is well known that topography considerably 

*Department of Geography, University of Windsor, Canada 

distorts the spatial pattern of climatic elements. This has 
recently been demonstrated, for example, for radiation 
(Basnayake, 1970), air temperature (MacHattie, 1970), 
and precipitation (Ferguson and Storr, 1969). Several 
investigations in the IRRP research area also deal with 
this subject (Marcus, 1965; Keeler, 1969; Alford and 
Keeler, 1969; Marcus and LaBelle, 1970; Aufdemberge, 
pp. 63-79, this volume ; Benjey, 1969; Classen and Clarke , 
1972). 

It is generally recognized that the variation of air tem
perature with elevation tends to follow specific lapse 
rates. It has further been assumed that these rates 
(height-dependency rules) can be applied in mountainous 
areas (McKay and Thomas, 1971; Peterson, 1969). How
ever, several investigations have illustrated the error in 
applying commonly assumed lapse rates along mountain 

Fig. 1. Map of study area showing locations of thermograph sites. (Scale is appro ximately 1 :412,000) 
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TABLE 1. Description of Topoclimate Stations* 

Station Number 

2 

3 

4 

5 

6 

7 

8 

9 

Station Name 

Russell Glacier 

Bed of Skolai Creek valley 

Slope of Skolai Creek valley 

General meteorological station 

Chitistone Pass, NW-facing 
slope 

Chitistone Pass, SE-facing 
slope 

Capps Glacier moraine 

Chitistone River headwater 

Chitistone River valley 

• For geographic locations, see Fig. 1. 
tEstimated with a pocket altimeter. 

Elevation (m)t 

1524 

1402 

1616 

1774 

2073 

2073 

1799 

1616 

1402 

:j: I nformation gathered from grou nd reconnaissance su rvey. 

slopes (Steinhauser, 1966; Marcus, 1965; MacHattie, 
1970; and Yoshino, 1966). Further, it has been shown 
that elevational temperature gradients along mountain 
slopes strongly depend on weather types (Marcus, 1965; 
and pp. 13-26, this volume). The st.udies of Steinhauser, 
Marcus, and Yoshino were conducted in snow-covered 
locales, while that of MacHattie is from a snow-free lo
cation. Therefore, departures from the lapse rate appear 
to occur over both snow-covered and snow-free terrain. 

This paper discusses the relationship of temperature to 
elevation, weather type, and topography in an area that 
is relatively snow free, but adjacent to alpine glaciers. 
Chitistone Pass lies just above the treeline (ca. 1225 m) 
in an area of glaciated terrain. The pass and adjacent 
valleys are practically snow free from July through Au
gust. There are many alpine glaciers in the region; the 
largest is the Russell Glacier. The temperature transect 
extends over 15 km in length and 675 m in elevation 
(Fig. 1). 

The summer climate of the Gulf of Alaska coastal zone 
is marked by the influence of marine air (Watson, 1959). 
The mean summer air temperature at Chitistone Pass 
hovers near 4.0°C. Cloud cover, humidity, and precipi
tation reflect maritime controls on this location (Table 
2). Weather conditions characterized by southwest 
winds, high relative humidity, and dense cloud cover 
were most frequently observed over three summers of 
observations. Occasionally, air masses originating in the 
continental interior brought clear weather to Chitistone 
Pass_ Twenty-four percent of the time, winds from the 
interior were associated with clear skies and lower humid
ity-an indicator of continental high-pressure cell 
influences. 

Aspectt Surface characteristics:j: 

Top of Morainic debris; local relief of moraine 15 m 
moraine 

Level Alluvial outwash; large pebbles, dwarf wil-
low and sedge covering 40% of area 

N -facing Bench outcrop; lichen-moss 
slope (30° ) 

Level Lichen-moss surface 

Slope of Scree talus debris; little vegetation. 
30° 

Slope of Lichen-moss su rface 
30° 

Top of Morainic debris; local relief 15 m to 30 m 
moraine 

SE-facing Bench outcrop; lichen-moss surface 
slope (30°) 

Level Alluvial outwash; large pebbles; dwarf wil-
low and sedge covering 20% of area 

Temperature Network 

A nine-thermograph network was maintained over the 
summer of 1968. A sample period extending from July 
17 to August 2, 1968 (17 days) is used for this study. 
During this time, two well-developed pressure systems 
were dominant. A low-pressure cell from the Gulf of 
Alaska dominated the region during July 29-31; a high-' 
pressure cell, centered in upper British Columbia, pre
vailed during July 20-22. Thus, data can be analyzed for 
'clear' and 'cloudy' weather respectively, as well as for 
mean conditions throughout the entire period. 

Table 1 lists locations, elevations, and terrain charac
teristics for each thermograph site. Ryan-Type D, 30-day 

TABLE 2. Summer Weather Conditions, Chitistone Pass 
(1967-1969) 

Percentage of 
Weather condition time for given 

condition' 

SW winds (light to moderate); 8-10 tenths cloud 50 
cover; 70%-100% relative humidity 

NE winds (Iow to moderate); 0-4 tenths cloud 24 
cover; 50%-70% relative humidity 

Variable wind direction; variable cloud cover; 
no marked r.elative humidity trend 

Clear skys; low wind speeds; no marked wind 
direction; low relative humidity (40%-60%) 

20 

6 

'The percentage of daily observations that displayed the parti
cular weather condition out of the total number of observations. 
Data used were daily average weather elements from general 
weather station data obtained from Marcus, et al. (1968), Kol
berg and Brazel (1969), and Benjey (1969). 
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recording thermographs were used and housed in field
constructed meteorological screens. The sensors were 
placed 1.5 m above the ground. Field tests, relating tem
perature in the field-constructed meteorological screens 
to those in the standard Stevensen screen, indicated that 
the field-constructed screens caused the temperature to 
be 1

0 
C to 1. 5° C higher than in the standard screen. Simi

lar screens were' used at each site to reduce instrument 
error. The temperatures are considered accurate to the 
nearest 0.5° C. 

Temperature Relationships 

For each station, the daily mean maximum, mean mini
mum, mean, and mean range of temperature were calcu
lated for the period July 17 to August 2 (see Appendix 
and Fig. 2). The variations of the daily mean temperature 
and mean maximum temperatures with elevation follow 
a fairly smooth lapse rate of approximately 0.SSoC/100 
m, but there is a large departure from common lapse 
rates in the minimum-temperature prome. This departure 
is not unexpected in areas of high relief (Albright and 
Stoker, 1944; McKay and Thomas, 1971). 

Correlation coefficients were calculated for daily maxi
mum and minimum temperatures for the 9 by 9 station 
matrix. Although the statistical sample is small-17 days 
- the correlation values provide rough estimates of de
partures from mean lapse rates. Correlation coefficients 
for maximum temperatures are larger overall (range: 
0.85-0.98) than those for the minimum temperatures 
(range : 0.00-0.98) . For minimum temperatures, Skolai 
Creek valley sites (Stations 1 and 2) have very low cor
relation with every other site. This is attributed to cold
air ponding and glacier-wind systems which affect the 
valley locations, but not the other sites. MacHattie 
(1970) suggests this effect for the Kananaskis Valley, 
Alberta. Certainly simple height-dependency rules-es
pecially for minimum temperatures- cannot be used 
haphazardly for areas of this type. However, the general 
variation of mean and maximum temperature with ele
vation is regular and the mean is surprisingly close to 
the moist adiabatic lapse rate. 
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Fig. 2 . Mean daily air te mperatures, Chitistone Pass, July 19-Au
gu st 2 , 1968 . 

During the observation period, two distinct weather 
conditions occurred which can be classified as 'clear' and 
'cloudy.' Analysis of the U.S. Weather Bureau 8S0-mb 
charts indicates that July 20-22 was a period when a 
high-pressure cell dominated the southwest Yukon and 
brought clear, calm weather to the region. The period 
July 29-31 was cloudy and wet because of a low-pres
sure center which moved over the Wrangell Mountains. 
Table 3 lists the general weather conditions for the two 
weather periods. The Appendix provides daily means of 
temperature and temperature ranges for each of the net
work stations. Figure 3 shows temperature changes with 
elevation. 

During the cloudy period Guly 29-31), the lapse rates 
from the valley of the Skolai Creek (1402 m) to Chiti
stone Pass (2073 m) and from Chitistone River valley 
(1402 m) to Chitistone Pass (2073 m) were 0.S4°C and 
O.SO°C per 100 m, respectively, based on mean daily 
temperatures (Fig. 3). Also, temperature ranges were 
strikingly similar for each of the four sites (Appendix, 
Part B, Stations 2, 5, 6, 9). For individual hourly periods, 
however, the correlation between the sites is low and ir
regular (Table 4). This is not unexpected, since the larger 
the temperature amplitude for the day, the greater the 
tendency for higher correlation coefficients. The 

TABLE 3. Weather Elements for Clear and Cloudy Days, Chitistone Pass, 
July 1968. Mean Daily Values are Given * 

Temperature (oC) 

Day Pressure (mb) 
min . max. mean 

20 
21 1 

22 I 

CLEAR DAYS 

821.0 
826.6 
826.6 I 

7.2 
7.8 
7.2 

I CLOUDY DAYS 11 

29 820.8 4.4 

30 821 .1 I 3.9 
31 819.4 3.9 

13.3 
16.7 
17.2 

6 .1 
5 .6 
5.0 

10.2 
11 .3 
12.4 

4 .8 
4 .9 
4.4 

RH 
(%) 

64 
65 
55 

85 

90 11 

95 

Precip. 
(mm) 

trace 
0 .00 
0 .00 

trace 
9 .1 
4 .3 

Winds 

speed I 
(m/sec) 

direction 

1.34 

1 
1.34 

I calm 

I 

I 
3 .80 
0.45 
4.47 

NE 
NE 

SW 
SW 
SW 

'Data from Site 4 of Figure 1. Temperatures measured by a Ryan instrument 
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July 1968. 

irregularity in the correlation matrix is caused by differ
ences in cloud cover and local variations in weather dur
ing the rainy, cloudy period. Figure 4 illustrates the 
variable temperatures at three specific sites. 

For the clear period, mean daily air temperature differ
ences at the various sites ranged from 3.9 to 5.6°C (Fig. 
3). The greatest difference in mean temperatures did not 
occur between extremes in elevation, but at similar ele
vations over different surfaces. During clear weather, 
glacier surfaces distort the height-dependency tempera
ture rule (note the elevation vs. temperature plot in Fig. 
3). 

A correlation matrix for the clear period (Table 5) shows 
values generally larger than for the cloudy period. This is 
because daily temperature amplitudes are larger. Also, 
subtle differences appear in the matrix which illustrate 

ANTHONY J. BRAZEL 

the effects of surface controls on air temperature. For 
example, the values are lower when the continental
facing sites (Skolai Creek valley and Russell Glacier) are 
compared with pass sites than when marine-facing sites 
(Chitistone River valley) are compared with pass sites. 
This highlights the impact of glacier surfaces on regional 
air temperatures at times of high direct-beam radiation. 

Figure 4 illustrates the 3-d ay clear-weather tempera
ture trend. Of note are the nighttime valley inversions 
(Skolai valley) and suppressed maximum temperature for 
the Russell Glacier site. These factors considerably dis
tort the assumed lapse-rate rules. 

Summary 

Chitistone Pass, Alaska experiences a climate marked 
by moist, marine air masses. Cloudy and rainy weather 
prevailed during most of the study period of July 17 to 
August 2,1968. During July 20-22, however, a high
pressure cell brought clear, calm weather to the pass . 
During cloudy weather, lapse-rate rules are generally ap
plicable for mean daily temperature. Hourly rates are dis
torted by irregular incoming radiation, the result of vari
able cloudiness across the area. Clear weather promotes 
the well-known valley and glacier wind systems which 
distort temperature lapse rates. Minimum temperatures 
are highly variable during clear weather and even for vari
able cloudy conditions. 

Indirect methods of estimating surface temperatures in 
the mountains (for example, by use of radiosonde data) 
may not detect local anomalies. It is therefore necessary 
to make ground measurements in mountain areas if accu
racy is required and in order to more fully understand the 
complexities involved in mapping regional temperature 
patterns. 
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TABLE 4. Correlation Matrix for Topoclimate Temperatures During a Cloudy Period 
(July 29-31,1968)* 

Station No. t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2 

0 .21 

3 

0.44 
0.36 

4 5 

0 .20 0.10 
0 .02 0.27 
0.19 0.40 

0 .05 

6 7 8 

0 .55 0 .50 0 .00 
0 .06 0.03 0 .08 
0.46 0.43 0.01 
0 .57 0.77 0.31 
0.22 0.13 0 .02 

0.86 0.10 
0 .22 

' Correlation values are based on hourly data. Values significant at the 0 .05% level exceed 0 .396. 
tStation numbers are thuse given in Table 1. 
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0 .72 
0 .46 
0.74 
0 .12 
0.40 
0 .53 
0.41 
0.01 
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TABLE 5. Correlation Matrix for Topoclimate Temperatures During a Clear Period 
(July 20-22,1968)* 

Station No. t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2 

0.66 

3 

0 .55 
0 .89 

4 5 

0.72 0 .1 0 
0.35 0.66 
0.40 0.70 

0 .14 

6 7 8 

0.74 0.62 0.83 
0.80 0.42 0.66 
0 .88 0 .59 0 .68 
0.59 0.89 0.81 
0.60 0.10 0 .17 

0 .76 0 .17 
0.83 

·Correlation values are based on hourly data. Values significant at the 0.05% level exceed 0 .396. 
tStation numbers are those given in Table 1. 

9 

0 .78 
0 .74 
0.76 
0 .78 
0 .24 
0.84 
0.81 
0 .92 
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APPENDIX 

PART A 

SUMMARY OF DAILY TEMPERATURES, JULY 17-AUG. 2, 1968 

Station No.· Elevation (m) Mean maximum Mean mean Mean minimum Mean range 

1 1524 11.1 8.2 5.6 5 .5 
2 1402 13.8 10.4 5.8 8.0 
3 1616 11.2 9.2 7.2 4.0 
4 1774 10.5 8.0 6.0 4.5 
5 2073 9 .0 7.3 5.6 3.4 
6 2073 8 .1 6 .4 4.4 3.7 
7 1799 10.2 8.5 7.9 2.3 
8 1616 I ncomplete data 
9 1402 13.8 11.2 8 .9 4.9 

·Station numbers are those given in Table 1. 

• 
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PARTB 

MEAN DAILY TEMPERATURES (oC) FOR CLEAR AND CLOUDY DAYS, JULY 1968 
(VALUES IN PARENTHESES ARE DAILY RANGES) 

Station No.· CLEAR PERIOD 
July 20 July 21 July 22 3-d ay Mean 

1 9.7 (7 .2) 10.2 (8.9) 9 .8 (8 .3) 9.9 (8.1) 
2 11 .6 (10.6) 12.8 (13.3) 13.8 (15 .6) 12.7 (12.9) 
3 11 .6 (5.0) 12.6 (6.7) 14.5 (8 .9) 12.9 (6.8) 
4 10.2 (6.1) 11 .3 (8 .9) 12.4 (12 .2) 11.3 (9.1) 
5 9.2 (5 .6) 10.4 (5.6) 12.2 (6.7) 10.6 (5.9) 
6 8.5 (3.3) 10.3 (7.2) 11 .6 (6.7) 10.1 (5 .7) 
7 10.5 (3.3) 11.3 (3.9) 13.2 (6.1) 11.7 (4.4) 
8 13.2 (-) 12.9 (5 .0) 14.2 (8.9) 13.4 ( - ) 
9 13.7 (5 .0) 14.2 (6.1) 15.3 (9.4) 14.4 (6.8) 

CLOUDY PERIOD 
July 29 July 30 July 31 3-day Mean 

1 
I 6.6 (1.1) 5.8 (1.7) 6 .1 (2.8) 6.2 (1 .8) 

2 7.9 (1.7) 7.1 (3.9) 7.6 (3.3) 7.5 (2 .9) 
3 6.4 (1.7) 6.1 (1.7) 5.6 (1.1) 6.0(1.4) 
4 4.8 (1.7) 4.9 (1.7) 4.4 (1.1) 4.7 (1 .4) 
5 4.3 (1.7) 4.5 (1.1) 4.1 (0.6) 4.3 (1.1) 

6 2.7 (0.6) 4.2 (3.3) 3.1 (0.6) 3.3 (1.4) 
7 5.1 (2.2) 5.5 (1.1) 5.3 (0.6) 5.3 (1 .3) 
8 5.5 (4.4) 6.2 (1 .7) 5.7 - 5.8 -
9 8.3 (1 .1) 8 .3 (2.2) 7.3 (3.3) 7.9 (2.2) 

·Station numbers are those given in Table 1. 
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Seasonal Radiation Balance Trends Over a Broken Subarctic 
Spruce Forest and Clearing, Kluane Lake, 1970-1971 

William C. Benjey* 

ABSTRACT. The radiation balance and its components were examined for a broken Subarctic spruce 
forest and an adjacent clearing at Kluane Lake, Yukon from June 1970 through July 1971. It was determined 
that during all seasons albedo and long-wave radiation differences result in more positive radiation balances 
at the forest site than in the clearing. This is the main reason for different energy balances at the two sites. 

Introduction 

This paper presents a comparative analysis of seasonal 
variations of the radiation balance over a broken Sub
arctic spruce forest and adjacent clearing at Kluane Lake, 
Yukon during the period June 1, 1970 through July 11, 
1971. The results are a part of a complete energy-balance 
study for the same period (Benjey, 1974). 

The two microclimatic sites utilized are situated at the 
south end of Kluane Lake (Plate 1) I in the study area of 
the Icefield Ranges Research Project. They are 150 m 
apart and at the same elevation (Fig. 1). They were, 
therefore, subject to the same regional and mesoscale 
climatic influences. Surface cover and distance to Kluane 
Lake are the only factors which were appreciably differ
ent at the two sites. The forest acts as a windbreak for 
the clearing site when winds are from the north, north
west, or west. This is a common situation wherever there 
are alternating patches of trees and clearings. 

The hills surrounding the region play an active role in 
reducing insolation during the low-sun period of Decem
ber and January. Figure 2 illustrates the horizon obstruc
tion at the study site. Note that the sun does not appear 
on December 21 because of topographic interference. 

The clearing site. The clearing site is situated on a 
gravel alluvial fan at an elevation of about 783 m, just 
above the level of Kluane Lake. The site surface is 
covered with scattered clumps of grass and moss about 
10 cm high and occasional grass stalks up to 50 cm in 
height. The soil consists of a 10-cm thick upper zone 
composed of dark humus, glacial silt, and manure from 
an outfitter's semiferal horses which graze in the area. 
A lower layer of coarse gravel and glacial silt extends to 
an unknown depth. The ground surface was near field 
capacity most of the time and the water table was never 
more than 60 cm below the surface. Low water table 
occurred during spring and early summer and was about 

*Department of Geography, University of Michigan, Ann Arbor 
I Plate 1 is a map inside the back cover of this volume. 
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15 cm below the surface during the rest of the year, in
cluding the period during which ground water was 
frozen. 

The forest site. The forest stand is situated along an 
old beach ridge parallel to Kluane Lake. White spruce 
trees (Piceaglauca) grow in clumps of three or four, with 
average spacing between clumps of about 4 m. A broken 
understory of willow bushes, with an average height of 
1.5 m, covers approximately 50% of the area. A contin
uous mat of moss, needles, and leaf litter covers the 
ground. The dark upper soil, averaging 15 cm thick, is 
underlain by a beach sand formation at least 1 m deep. 
The site characteristics closely correspond to the "wood
land subzone" of the boreal forest (open forest with a 
discontinuous shrub layer) defined by Hare and Richie 
(1972). 

Radiation Measurements 

The radiation balance is written: 

Where: 

Also: 

Where: 

is the net all-wave radiation 
Sj is the incoming short-wave radiation 
So is the reflected (outgoing) short-wave 

radiation 
L j is the incoming long-wave (terrestrial) 

radiation 
La is the outgoing long-wave (terrestrial) 

radiation 

Ln is the net long-wave radiation determined 
from measured L j and La values. 

Radiation-balance components were measured at each 
site by means of Eppley pyranometers and all-wave net 
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Fig. 1. Sketch of area of study. 

and' hemispherical thermal radiometers. Long-wave com
ponents were determined as remainders in the radiation 
balance. Instruments were located 1 m above the surface 
of the clearing; and on a tower 7 m above the forest 
floor in order to provide an adequate field of view. There 
is no well-defined forest canopy at Kluane Lake, and 
measurements are with respect to the forest floor. 

The thermal radiometers gave faulty values during the 
winter when frost formed on their plates. Data for these 
periods were supplied by utilizing the Brunt relationship 
calculations for long-wave radiation as given in Sellers 
(1965, p. 53). Observations were taken half hourly for 
24-hour periods on 34 different days throughout the 
year. Data were smoothed and results calculated using 
the University of Michigan computer. 

Direct radiometer measurements were used during the 
high-sun period (after April 10). These measurements 
show agreement with other observations in the Subarctic 
(Wendler, 1971; Ahrnsbrak, 1968; Aufdemberge, 1971; 
Budyko, 1956). The calculated values of effective out
going long-wave radiation and net radiation are used be
tween October 21, 1970 and April 10, 1971. 

Seasonal Radiation Patterns 

The transition between seasons is very rapid at Kluane 
Lake. The presence of snow cover, or the lack of it, cor
responds with marked changes in several climatic 
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elements. Snow cover thus defines the seasons for the 
purposes of this study. The snowpack melted during a 
2 or 3 day period about April 10, 1971. This brief 
period is spring. "But true spring is only a short and 
much interrupted transition between winter and sum
mer." (Kendrew and Kerr, 1955, p. 148). The fall 
season occurred during the interruption in the record of 
this study (September and October 1970). Thus the 
winter is defined as the period October 21, 1970 through 
about April 10, 1971; while summer is defined as from 
about April 10 through the termination of observations 
in late July 1970 and mid-August 1971. 

The clearing. Daily totals of radiation-balance com
ponents for all days examined at the clearing site are 
listed in Table 1. Figure 3 illustrates the seasonal trends. 
Daily short-wave incoming radiation remained relatively 
low from November into February. It was at a minimum 
(less than 0.01Iy/min) on December 30-31,1970. At 
latitude 61°N, low sun elevation accounts for this win
ter minimum. The theoretical solar insolation at the top 
of the atmosphere on December 22 is 49 lys/day. At 
K1uane Lake the minimum is further depressed by the 
fact that the mountains obstruct the southern and west
ern horizons (Fig. 2). Daily short-wave incoming radia
tion rose steadily to a maximum of 709 Iys/day on 
June 15-16, 1971. Fluctuations due to cloudiness were 
superimposed on the seasonal pattern. 

Short-wave reflected radiation also has a winter mini
mum due to low sun elevation. The seasonal behavior 
of reflected insolation varies according to (1) the 
amount of available short-wave incoming radiation, and 
(2) the reflectivity of the surface. The reflected insola
tion is nearly as great as the incident insolation during 
the winter months, although both are quite small 

N 

Fig. 2. Horizon diagram for region of study. 
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TABLE 1. Daily Radiation Components at the Clearing Site* 

Date 
Si So A/(%) an Li Lo Ln Loe 

1970 

June 
1-2 652.5 184.8 28 380.2 591.3 678 .8 -87.5 

July 
5-6 334.1 102.2 30 314.1 797.3 715.1 82 .2 

16-17 276.0 67 .6 24 210 .9 426.6 423.9 2.7 

20-21 444.7 114.2 26 175.2 300.2 455.5 -155.3 

21-22 516.0 154.0 30 400.4 466.1 427 .7 38.4 

October 
20-21 81 .3 48.7 60 11.9 - 20 .7 

28-29 159.5 68 .8 43 - 31 .9 -122.6 

November 
4-5 16.9 0 .5 3 - 23 .5 - 39.9 

18-19 19.8 14.7 74 -167.2 -172.3 

25-26 3.5 3 .0 86 - 52.0 - 52 .5 

December 
16-17 10.0 8.6 86 - 145.fi - 146.9 

30-31 0.5 0.45 89 -140.3 -140.3 

1971 

January 
6-7 8.8 7.0 80 - 25 .8 - 27 .6 

10-11 6.4 3.7 57 - 133.0 -135.7 

16-17 27 .5 16.6 60 -112.2 -123.1 

20-21 11.4 9.8 86 -132.3 -133.9 

February 
8-9 42.5 35.2 82 -166.2 -173.5 

13-14 93.2 76.3 82 - 166.3 - 183.2 

17-18 96.5 79.6 82 -172.7 -189.6 

24-25 146.2 125.6 86 -116.2 -136.8 

March 
3-4 141.9 111 .0 78 - 50.4 - 81.3 

10-11 180.3 143.0 79 -127.7 - 165.0 

17-18 230.3 154.9 67 -146.0 - 221.4 

30-31 380.6 293.6 77 - 98 .9 -185.9 

April 
6-7 339.1 270.8 80 - 93.4 -161.7 

13-14 356.0 86.9 24 58 .0 257 .3 468.3 -211.0 

*Values in langleys per day 
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TABLE 1. Daily Radiation Components at the Clearing Site* (continued) 

Date 
Si So A/(%) an Li La Ln Loe 

20-21 340.1 64.1 19 - 18.8 192.5 487.3 - 294.8 

May 
4-5 492.9 90.6 18 117 .4 243.5 528.4 -284.9 

11-12 380.3 65.6 17 142.3 380.8 553.2 -172.4 

18-19 503.2 90.9 18 184.6 327.2 554.9 - 227.7 

June 
1-2 630.3 125.7 20 307.1 409.4 606.9 - 197.5 

15-16 709.5 131.4 19 413.2 462.3 623.3 -161 .0 

29-30 350.2 55.4 16 173.6 485.9 607.1 -121 .2 

July 
10-11 489.8 86.4 18 272.9 553.2 683.6 -130.4 

·Values in langleys per day 

(Table 1; Fig. 3). As sun elevation increases after the 
winter solstice, the increase in reflected insolation 
(So) parallels the increase of incident insolation through 
April 6-7, 1971. After that date, So drops to an average 
value of about 100 Iys/day, with some fluctuation due 
to synoptic changes through the summer. High winter 
ieflectivity is due to the high albedo of the snow 
cover; the sudden loss of snow cover resulted in much 
lower albedos. 

The seasonal trend of daily albedo is shown in Figure 
4. Albedo increases rapidly with developing snow cover 
during November to more than 80% by the end of the 
month. The low point in November is due to sudden but 
temporary snowmelt. Albedo remains near 80% until the 
snow cover disappears in mid-April, when it decreases 
drastically to between 16% and 20%. There is little 
change from April through July. 

The daily albedos during the summer of 1970 range 
between 24% and 30%. There was no difference in the 
surfaces between the two summers other than water con
tent. The average soil water content was 0.38 gm/cm3 

during the summer of 1970 and 0.44 gm/cm3 for the 
same period in 1971. For a given soil, added moisture 
content tends to decrease the albedo (Sellers , 1965). 
Moisture thus appears to account for the albedo differ
ences between summers. This implies that year-to-year 
shifts in synoptic patterns may result in significant 
effects on the radiation balance. 

Daily long-wave radiation calculations are available 
only for the summer periods (Table 1). Incoming and 
outgoing long-wave radiation increase from April 10 
into July. These values are expected to be greatest dur
ing the summer months because of (1) greater surface 
and air temperatures , and (2) greater cloudiness-a 

source of long-wave incoming radiation. Effective outgo
ing long-wave radiation (Loe = L n , where Ln is a mea
sured value, and Loe is calculated using the Brunt rela
tion) also shows a summer maximum. Synoptically in
duced variations are, however, almost as large as the 
seasonal variations. 

The intensity of energy loss during the Sub arctic win
ter is illustrated by the daily values for net radiation. 
Net radiation is positive on October 20-21, 1970 but 
then becomes negative until mid-April (Table 1 and Fig
ure 3). The extreme minima occur during the coldest 
days of January. Daily net radiation becomes positive in 
April when the snow cover melts , then increases rapidly 
to its summer maximum. This indicates that the increase 
in absorbed insolation (Si) with the loss of the snowpack 
is instrumental in the rapid increase of net radiation. 
Wendland (1965) found a similar phenomenon at four 
stations in central Canada. 

The forest. Daily totals of the radiation components 
at the forest site are given in Table 2 and Figure 5. No 
observations were taken in the forest during the summer 
of 1970. Short-wave incoming radiation has a winter 
minimum rising to a mid-winter peak. The proportion of 
short-wave reflected radiation to insolation is roughly 
constant until the snow cover disappears about April 16, 
1971. After this date , So averages about 80 lys/day into 
the summer with little variation. Near the winter solstice 
(November 4,1970 through January 11, 1971), however, 
reflected short-wave radiation and albedo are negligible 
as the lower sensitivity of the pyranometer was exceeded. 
This is due to the low retlectivity of the conifers (Geiger, 
1965; Munn, 1966 ; J effrey, 1968) in conjunction with 
little insolation. In addition, a brief thaw during Novem
ber melted some snow and reduced albedo temporarily. 
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Fig. 3. Seasonal trend of radiation components at the clearing site. Kluane Lake. 

Snow did not remain in the foliage of the trees in suffi
cient amounts to affect albedo on any of the days 
examined. 

As sun elevation increased in late winter, insolation 
penetrated the open spruce stand to the snow on the 
forest floor. Consequently, albedo increased from near 
0% to a maximum of 32% on April 13-14, 1971. By 
April 20 the snow cover had gone. The moss and litter 
on the forest floor and the shrubs then caused albedos to 
decrease to between 15% and 21 %. Albedos remained in 
this range for the duration of the summer period. This 
iI],dicates that during the summer, within a broken 
spruce stand, the deciduous shrubs and forest floor are 
at least as important to albedo as the spruce trees. Figure 
4 illustrates the seasonal trend of daily albedo for the 
forest. 

Effective long-wave outgoing radiation generally has 
lower values during the winter than during the summer 
due to an increase in temperature in summer. Synoptic 
variations often overshadow the seasonal trend, however, 
resulting in some low summer values of effective outgo
ing radiation (Fig. 5). As at the clearing, specific mea
surements of Lj and Lo are available only during the 
summer. Both increase with the increase in temperature 
from April into July. 

Daily values of net radiation are, as expected, most 
negative during the winter months. Net radiation fluc
tuates around -100 Iys/day from mid-November to mid
February, when it begins to increase slowly. Values be
come positive briefly in late February, and continuously 
beginning in late March. The increase of net radiation 
accelerates slightly in late April with the loss of snow 
cover, although the effect is not as great as at the clear
ing site. 

Comparison of Forest and Clearing Sites 

Average daily radiation values between the forest and 
clearing sites are compared by season in Table 3. 

Short-wave radiation. Daily incoming short-wave radia
tion follows the same seasonal trends and has nearly the 
same values at both sites; the receipt of insolation does 
not depend on the surface. Insolation for both sites falls 
within the seasonal calculations of the Canadian Atmos
pheric Environment Service (Titus and Truhlar, 1969). 
Comparison of Tables 1 and 2 shows that insolation is 
usually slight! y less at the forest site than at the clearing 
during the summer. This is due to the shading of the in
struments by the broken spruce forest. 

Outgoing short-wave radiation data point up the effect 
of surface differences. Albedo and So are considerably 
different between sites. Daily reflected insolation is less 
in the forest in all but one case due to the lower reflec
tivity of the forest vegetation, which prevails even during 
periods of winter snow cover. Reflected insolation is 
small at the clearing site during the winter; it is negligi
ble during that season in the forest. After the loss of 
snow cover, So differences are small between the two 
sites through the summer. 

Albedo differences are most dramatic between the 
sites during the winter (Fig. 4). It is expected that albedo 
should be greatest at both sites when the ground is 
covered with snow. This is true only in part, because 
the forest site has an unmeasurably small albedo in the 
winter and the highest values occur in the snow-covered 
clearing. Insolation falls on the sides and crowns of the 
spruce trees at low sun elevation and cannot penetrate 
to the snow cover. The forest attains its highest albedo 
late in winter when sun elevation is high enough to allow 
insolation to reach the snow between the trees of the 
broken stand. Berglund and Moss (1972) found a simi
lar result in comparing a black spruce stand and a bog 
in Minnesota. In that case, however, the sun elevation 
was never low enough to result in negligible albedo. 

During the summer, the albedos of the two sites show 
no marked differences. This illustrates that, in terms of 
reflectivity during the summer, the broken forest floor 
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TABLE 2. Daily Radiation Components at the Forest Site* 

Date Si So AI% Qn Li Lo Ln Loe 

1970 
Oct. 20-21 91.9 11.7 13 61.3 - 18.9 
Oct. 28-29 128.0 15.9 12 - 1.5 -113.5 
Nov. 4-5 23.1 0 0 - 13.2 - 36.3 
Nov. 18-19 24.1 0 0 - 133.6 -157.7 
Nov. 25-26 5.3 0 0 - 42 .1 - 47.4 
Dec. 16-17 12.1 0 0 - 123.2 - 135.3 
Dec. 30-31 3.4 0 0 -123.8 - 127.2 

1971 
Jan. 6-7 12.1 0 0 - 12.8 - 24.9 
Jan . 10-11 8 .0 0 0 -116.8 -124.8 
Jan. 16-17 26.7 0.8 3 - 88.6 -114.5 
Jan. 20-21 17.2 0.2 1 -105.6 -122.6 
Feb. 8-9 49.4 8.7 18 -115.8 -156.5 
Feb. 13-14 102.8 12.4 12 75.3 - 165.7 
Feb. 17-18 95.4 20.0 21 96.5 - 171.9 
Feb. 24-25 152.3 20.9 14 7 .3 -124.1 
Mar. 3-4 148.7 29.3 20 45.2 - 74.2 
Mar. 10-11 139.1 37.2 27 - 47.5 - 149.4 
Mar. 17-18 198.0 50.4 25 
Mar. 30-31 333.1 104.7 31 
Apr. 6-7 333.5 94.9 28 
Apr. 13-14 353.6 113.9 32 
Apr. 20-21 336.3 80.1 24 
May 4-5 471.9 83.2 18 
May 11-12 387.5 79.9 21 
May 18-19 446.4 86.0 19 
Jun. 1-2 627.8 98.9 16 
Jun. 15-16 630.1 115.5 18 
Jun. 29-30 340.8 50.0 15 
Jul. 10-11 449.0 74.9 17 

·Values in langleys per day 
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Fig. 4. Seasonal trend of albedo, Kluane Lake . 

with vegetation is not nearly as different from the clear
ing as are the canopies of closed forests (Geiger, 1965; 
Reifsnyder and Lull, 1965, p. 66). 

Long-wave radiation. Long-wave incoming radiation is 
greater during the summer at the forest site than at the 
clearing by an average of 3.7%. This difference is not 
believed to be significant since possible instrument error 
exceeds the value. Backradiation from the tops of the 
tallest trees may, however, contribute to the higher 
values at the forest site. Effective outgoing long-wave 
radiation is in all cases greater at the clearing than in the 
forest. This is also true of net long-wave radiation in the 
summer (Tables 1 and 2). Because emission is strongly 

32.9 -180.5 
68 .3 -160.1 
89 .7 - 148.9 
86 .1 257.0 410.6 -153.6 
45.1 187.9 399.0 -211.1 

219 .9 278.6 447.4 -169.8 
183.1 369.8 494.3 -124.5 
283.1 327 .1 405.1 - 78.0 
422.1 419.1 525.9 -106.8 
519.2 514.4 519.2 5.2 
215.9 491.1 566.0 74 .9 
358.3 590.1 605.9 15.8 

dependent on temperature - as well as other factors
L oe is lower at the forest site during the summer where 
vegetation reduces the temperature than at the clearing. 

It is somewhat surprising that the same situation occurs 
during the winter, when temperatures are expected to be 
warmer in the forest than in the clearing. The reasons for 
this tollow. In both summer and winter seasons before 
and after snowmelt, the thermal emissivity is slightly 
greater at the clearing site . In addition , the broken forest 
stand causes little if any moderation of cold winter tem
peratures. In fact , forest temperatures were often slightly 
colder than those in the clearing. The absence of climatic 
moderation in the forest is related to (1) the broken na
ture of the stand, which produces less transpiration than 
a dense stand; (2) the winter reduction of transpiration; 
and (3) strong winter season advection from northwest
erly winds. Consequently, the higher emissivity of the 
clearing site is responsible for the differences in Loe dur
ing the winter. Because of the scattered nature of the 
vegetation, it is unlikely that backradiation from forest 
foliage appreciably reduces outgoing long-wave radiation . 

Net radiation. Net radiation is the overall indicator of 
radiation gain or loss. A comparison between sites shows 
that net radiation is consistently greater or less negative 
at the forest site on all days examined by an average of 
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Fig. 5. Seasonal trend of radiation components at the forest site, Kluane Lake. 

75 Iys/day. This results from the combined seasonal be
havior of the radiation-balance components. First, in
coming short-wave radiation contributes more to net 
radiation in the forest than at the clearing during the 
winter. Although amounts of insolation are small, albedos 
are much lower in the forest. In the summer there is 
slightly more insolation at the clearing site due to foliage 
shading in the forest. Second, long-wave incoming radia
tion may contribute slightly more to the forest radiation 
balance during the summer because of higher tempera
tures, increased transpiration, and thus more water vapor 
in and above the forest vegetation. Third, effective out
going long-wave radiation-or measured net long-wave 
radiation during the summer-is always greater at the 
clearing site. 

The radiation differences between sites are also appar
ent in the timing of the radiation seasons. Net radiation 

TABLE 3. Comparison of Average Daily Radiation 
Values at the Forest and Clearing Sites* 

Winter (October 21 - April 10) 

Forest Clearing Difference %Differencet 

Si 95.2 94.8 0.4 0.4% 
So 20.4 - 75 .6 55.2 73.0% 
On 31 .2 -104.5 73.3 70.0% 
Loe -117.7 - 30.2 12.5 9.6% 

Summer (April la-July 11) 

Forest Clearing Difference % Differencet 

Si 449.3 472.5 23.2 4.9% 
So - 86.9 - 88.5 1.6 1.8% 
an 259.2 183.4 75.8 41 .3% 
Li 381.7 368.0 13.7 3.7% 
La -485.9 -586.1 100.2 17.0% 
Ln -104.4 -200.1 95.7 47.8% 

;Values in langleys per day 
Percentage difference relative to the value for the clearing site 

at the forest site becomes positive for a brief period 50 
days sooner, and continuously positive 18 days sooner, 
than at the clearing (Figs. 3,4). 

Summary 

It has been shown that the broken Subarctic spruce 
forest has a more positive net-radiation balance in all 
seasons and for both clear and cloudy synoptic condi
tions than the clearing site. Net radiation averages 75 
Iys/day more at the forest site for the entire period, but 
the percentage difference is much greater in the winter, 
when the values are much smaller than in the summer. 

Effective outgoing long-wave radiation (or net long
wave radiation) is always greater (or more negative) at 
the clearing site. The difference is 9.6% during the win
ter and 47.8% during the summer. This is according to 
expectations for the summer season when the forest 
floor should be cooler than the clearing due to shading 
from insolation and transpiration. The broken forest does 
not, however, moderate the cold winter temperatures. 
Consequently, although outgoing long-wave radiation is 
greater at the clearing site, it is less than predicted. This 
winter relationship is mainly because of greater thermal 
emissivities at the clearing site than in the forest. 

Summer measurements indicate that the forest receives 
an average of 3.7% more long-wave incoming radiation 
than does the clearing. This is not really a significant dif
ference relative to the accuracy of the instruments and 
may be due in part to backradiation from a few tree 
tops. It is possible, however, that there is some addition
al incoming long-wave radiation due to the water vapor 
supplied by transpiration. 

Insolation and albedo are similar at both sites during 
the summer with a 1.8% difference in reflected insolation. 
There is a much greater site difference (73%) in albedo 
during the winter season, though the amounts of insola
tion are very small. This small difference contributes to 
the forest's greater net radiation during the winter. 
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The Comparative Energy Balances Over a Broken Spruce Forest 
and Clearing, Kluane Lake, 197.0-1971 

William G. Benjey * 

ABSTRACT. A comparative seasonal microclimatic study of the energy balances over a broken spruce 
forest site and a clearing site at Kluane Lake, Yukon was conducted during the period June 1, 1970 through 
July 11, 1971. It was determined that: (1) the energy-balance components at the two sites were significantly 
different during all seasons primarily because of different radiative properties; (2) the broken forest 
moderates the microclimate less than would a full forest; and (3) atmospheric conditions are generally 
stable, rendering many standard aerodynamic turbulent heat-transfer equations useless. 

Introduction 

This paper presents a comparative microclimatic analy
sis of a broken Subarctic spruce forest and an adjacent 
clearing at Kluane Lake, Yukon during the period June 
1, 1970 through July 11, 1971. This study is a part of a 
complete microclimatic study of the two sites (Benjey, 
1974). 

The research was conducted at the Kluane Lake base 
camp of the Icefield Ranges Research Project. The micro
climatic sites are those described earlier in this volume 
(Benjey, pp. 89-96). The physical setting and regional 
climate of the area are given by Marcus (pp. 13-26, this 
volume). 

The radiative components of the energy-balance equa
tion were discussed in a previous article (Benjey, pp. 89-
96, this volnme). This paper treats other terms of the 
energy balance, particularly sensible heat (C4), latent 
heat (Qz), and soil heat conduction (Qg). Other 
components-heat due to precipitation (Qp), energy 
stored in the biomass (Qf)' heat used in melting the 
snowpack (Qm), and heat stored in the snowpack (C4t)
are also discussed. The energy balance at the forest and 
clearing sites are summarized. 

Turbulent Heat Fluxes 

The amount of sensible and latent heat carried to or 
away from the surface by the turbulent motion of the 
air must be known in order to examine the complete 
energy balance. Three traditional methods of computing 
sensible and latent heat transfer were attempted: (1) the 
use of the Bowen Ratio, (2) the aerodynamic solution of 
Lister and Taylor (1961), and (3) the aerodynamic solu
tion ofStreten and Wendler (1968). 

Aerodynamic solutions. Aerodynamic transfer equa
tions used in this study involve the vertical gradient.of 
temperature and vapor pressure (or specific humidity). 
Several other forms of equations have been derived to 
fit different gradient and air stability conditions (Webb, 

*Department of Geography, University of Michigan, Ann Arbor 
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1965), but those used in this study are among the most 
common. They assume (1) neutral stability of the air, 
(2) that wind, temperature, and vapor pressure gradients 
vary as the logarithm of height above the surface, and 
(3) that the coefficients of turbulent transfer (eddy con
ductivity, K) are the same for momentum (Km), sensible 
heat (Ks), and latent heat (Ke). 

These assumptions were found to be invalid at Kluane 
Lake. The air is most often stable, the vertical profiles of 
climatic elements seldom fit the log-linear rule, and the 
assumption of equal eddy diffusivities is uncertain (Sellers, 
1965, p. 145). Assuming that conditions at Kluane Lake 
are typical of the Subarctic, it would seem that aerody
namic formulae which utilize these assumptions are of 
very limited use in the Subarctic. However, because these 
aerodynamic solutions are so commonly used, it may be 
useful to present some of the results that they gave using 
Kluane Lake data (Tables 1 and 2). 

The values obtained for sensible and latent heat fluxes 
made little sense within the energy balance. It is apparent 
that calculated values of both sensible and latent fluxes 
are much too small relative to net radiation during the 
summer of 1970. Latent heat flux was taken as a remain
der during the winter, when latent heat should be quite 
small relative to sensible heat. In fact, the computed 
latent heat values were much too large during the winter. 

The computations were thoroughly examined for errors 
but none were found. The seasonal change in the direc
tion of the turbulent heat fluxes (sign change) does fol
low expectations; that is, they are positive during the 
winter and negative during the summer at both sites and 
for both aerodynamic methods. In sum, the calculated 
values of sensible and latent heat were too low. 

Because the aerodynamic solutions do not function 
well at Kluane Lake (and probably under most Subarctic 
conditions), the particulars of their calculation and their 
relationship to the real environment are not further dis
cussed. 

The Bowen Ratio. The heat-budget method is an alter
native approach to determination of the sensible and 
latent heat fluxes. This involves the use of the Bowen 
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TABLE 1. Daily Energy Balances at the Clearing Site 

Aerodynamic method 

Bowen Ratio method 
Lister and Taylor Streton and Wendler 

equations equations 

Average 
Date On Og Os 0, Os 0, Op Os 0, Os + 0, Op Bowen 

Rat io 
- --.-------------- ._-- - ----_.-

1970 
June 
1-2 380.2 - 13.3 - 40 .6 - 0 .1 - 10.0 - 3 .0 - 182.0 - 84 .9 4.26 

July 
5-6 314.1 0.8 - 23 .5 0 .1 - 5 .0 3 .0 - 171 .9 - 143.0 0 .75 
16-17 210 .9 6.0 - 21 .1 0 .1 - 4.5 2.3 -0.4 - 108.8 - 101 .7 - 0.4 0 .74 
20-21 175.2 - 10.5 4 .1 0 .0 - 0 .8 - 0 .5 - 86.5 - 78 .2 4.32 
21-22 400.2 - 29 .8 - 58.0 0.1 - 12.3 - 3 .8 - 235 .0 -135.4 1.82 

October 
20-21 11 .9 - 37.9 7.9 33.9 - 1.9 27.9 26 .0 
28-29 31.9 2.3* 31.5 1.9 9 .5 20 .2 29.6 

November 
4-5 23.5 0.0 3 .2 - 20.3 - 0 .8 - 22 .7 - 23 .5 
18-19 - 167.2 2.8 ' 23.9 143.7 6.2 158 .2 - 0 .1 165.5 -0.1 
25-26 - 52 .0 7.6' - 4 .6 51.1 - 1.2 45 .6 - 2.1 46 .5 -2.1 

December 
16-17 - 145.5 2.2 ' 193.6 - 50 .3 40.2 103.1 0.02 143.3 0.02 
30-31 - 140.3 8.7' 6 .6 125.0 2.3 129 .3 131 .6 

1971 
January 
6-7 - 25.8 3.2 ' 41 .3 - 18.7 11 .6 11 .0 22.6 
10-11 - 133.0 6.0' 207.9 - 85 .7 56.7 70 .3 127 .0 
16-17 - 112.2 6.9 ' 63.0 42 .3 13.9 91.4 105.3 
20-21 - 132.2 7.9 * 55.0 69.4 13.7 110.7 124.4 

February 
8-9 - 166.2 - 8 .7* 119.3 55.6 31 .0 143.9 174.9 
13-14 - 166.3 8.6* 80.5 77 .2 19.7 138.0 157 .7 
17-18 - 172.7 4.5* 163.8 4.4 40.8 127.4 168.2 
24-25 - 116.2 6 .2· 22.1 87.9 5.3 104.7 110.1 

March 
~ - 50.8 8.0· - 0 .3 42 .7 - 0 .1 42.5 42.4 
10-11 - 127 .7 4 .2 ' 147.0 - 23.5 40.9 82 .6 123.5 
17-18 - 146.0 1.6 ' 51 .9 95 .7 12.0 135.6 147.6 
30-31 - 98.9 1.3' 76.1 21.5 19.0 78.6 97 .6 

April 
6-7 - 93.4 1.9· 71 .1 20.4 17.4 77.9 95.3 
13-14 58.0 - 5 .3 14.1 - 66 .8 2 .9 57 .6 - 15.0 - 37 .7 0 .16 
20-21 - 18.8 2.1 - 42.0 58.9 - 9.5 26.2 55.7 - 39.0 0 .60 

May 
4-5 117.4 -39.7 - 22.0 - 55 .7 5.7 - 72.4 11.8 - 89.5 0.31 
11-12 142.3 -49.6 - 25.0 - 67.7 5.2 - 77 .5 - 44.2 - 60.0 0.27 
18-19 185.6 -47.0 - 36.0 - 101.6 - 7.3 - 130.3 - 14.7 -122.9 0 .10 

June 
1-2 307.1 -45.3 - 33.1 -228.7 - 7.2 -254.6 - 51 .7 -210.0 0.11 
15-16 413.2 -53.4 - 44.3 -315.5 -10.3 -349.5 - 20 .9 -338.9 0 .06 
29-30 173.6 - 7.6 - 29 .0 -137.0 7.2 -158.8 - 29.9 -136.1 0 .24 

July 
10-11 272.9 -46.9 - 10.5 - 215.5 1.7 - 224.3 - 15.4 -210.6 0.03 

'Through the snowpack 
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TABLE 2. Daily Energy Balances at the Forest Site 

Aerodynamic method 

Lister and Taylor Streton and Wendler 
Bowen Ratio method 

equations equations 

Average 
Date On Og Os 0, Os 0, Op Os 0, Os + 0, Op Bowen 

Ratio 

1970 

October 
21-22 61.3 8 .5' - 14.0 - 55 .8 7.0 - 62.8 - 69 .8 
28-29 - 1.5 1.8 ' 10.4 - 10.7 3.2 - 3 .5 - 0 .3 

November 
4-5 - 13.2 0.0 - 2.3 15.5 - 1.1 14.3 13.2 
18-19 -133.6 1.2' 2.9 129.6 1.0 131 .5 -0.1 132.5 - 0.1 
25-26 - 42.1 2.5 ' - 0.4 42 .1 - 0.1 41.8 - 2 .1 41 .7 - 2.1 

December 
16-17 -123.2 1.3' 3.2 118.7 1.3 120.6 0.02 221.9 0 .02 
30-31 -123.8 7.6 ' 7.8 108.4 2.9 113.3 116.2 

1971 

January 
6-7 - 12.8 1.8 ' 20.3 - 9 .3 5.8 5 .2 11.0 
10-11 -116.8 7.4 ' 5.1 104.3 1.1 108 .3 109.4 
16-17 - 88 .6 7.6' 0.0 81 .0 0 .2 80 .8 81.0 
20-21 -105.6 6.6 ' 0.0 99 .0 0 .1 98 .9 99.0 

February 
8-9 -115.8 - 2.5 ' 53.1 65 .2 16.7 111.6 118.3 
13-14 - 75 .3 6.8 ' 22 .1 46.4 6 .9 61.6 68 .5 
17-18 - 96 .5 8 .0' 24.5 64 .0 7.7 80.6 88 .5 
24-25 7.3 7.1' 13.6 - 28.0 4.0 - 18.4 - 14.4 

March 
3-4 45.2 6 .1' 10.7 - 62 .0 2.2 - 53.5 - 51.3 
10-11 - 47 .5 1.7' 27 .9 17.9 9.4 36.4 45 .8 
17-18 - 32 .9 - 2.0' 27.2 7 .7 9 .1 25 .8 34.9 
30-31 68 .3 2.0 ' 0.2 - 70 .5 - 13.3 - 57.0 - 70 .3 

April 
6-7 89 .7 0.6 ' - 9 .9 - 80.4 - 7.1 - 83.2 - 90.3 
13-14 86.1 - 0.1' 9 .1 - 95.1 2.3 - 88.3 - 86.0 
20-21 45 .1 1.9 - 11 .8 - 35.2 - 4.0 - 43.0 - 3.9 - 43 .1 0.09 

May 
4-5 219 .9 - 35.7 - 23.7 - 160.5 - 31 .8 -153.0 -16.8 -167.5 0.10 
11-12 183.1 -44.6 - 24.5 -114.1 - 24.2 - 114.3 - 4.1 -134.4 0.03 
18-19 283 .1 -42.3 - 32.8 - 208 .0 - 29.2 -211 .6 - 9.3 - 231.5 0 .04 

June 
1- 2 422 .1 - 40.8 -29.6 - 351.7 - 25.0 - 356.3 -14.7 - 366.6 0.04 
15-16 519.2 -48.1 -33.2 - 437 .9 - 15.1 -456.0 -13.8 -457.3 0.03 
29-30 215.9 - 6.8 - 9.4 - 199.7 - 8 .0 -201 .1 - 4.1 - 205.0 0 .02 

July 
10- 11 358.3 -42.2 - 17.3 -298.8 - 15.3 - 300.8 - 3.2 - 312.9 0 .01 

· Through the snowpack 
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Ratio which partitions that part of the energy budget 
not accounted for by the net radiation and soil heat flux 
between latent and sensible heat (Munn, 1966; Geiger, 
1965; Webb, 1965). As in many aerodynamic solutions, 
neutral stability and the equality of the eddy conduc
tivities are assumed. The Bowen Ratio is best applied to 
data averaged over a period of time (at least one hour), 
and is less precise than the aerodynamic methods for a 
moment in time. 

Because of the unreliability of the aerodynamic solu
tions, it was necessary to partition sensible and latent 
heat by means of the Bowen Ratio. The Bowen Ratio 
(R) and resultant sensible and latent heat exchanges were 
estimated using the following formulae: 

0.64P(T1 -T2) 
R = 1000(EI -E2) 

(1) 

where R is the Bowen Ratio (a dimensionless index of 
proportionality),P is the atmospheric pressure in milli
bars, TI and T2 are the temperatures in degrees Celsius 
at two different heights above the surface, and Eland 
E2 are the vapor pressures at two different heights above 
the surface. Sensible heat flux predominates when R is 
greater than 1.0, and latent heat flux predominates when 
R is less than 1.0. The fluxes are equal when R equals 1.0. 
Technically, potential temperatures are used, but ob
served temperatures may be used when they are taken 
near the ground. 

The atmospheric pressure at Kluane during the summer 
seldom varies more than 10 mb from 920 mb. Thus equa
tion 1 becomes: 

Then for any given time period: 

- Q" -Qg 
Os - 1 + l/R 

(2) 

(3) 

(4) 

Temperature and vapor pressure proftles between 50 
and 250 cm are available for the clearing site during the 
summer of 1970; however, vapor pressure proftles were 
missing during the rest of the study period. This was be
cause the psychron did not function properly at cold 
temperatures. It was therefore necessary to assume satu
ration vapor pressure at the surface and to calculate air 
vapor pressure from the wet and dry bulb temperatures 
taken at the shelter for regular synoptic weather observa
tions. This was done for the summer of 1971. The corres
ponding air temperature levels used were for the surface 
and 250 cm. 
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It was not possible to even approximate vapor pressure 
promes during the winter months because of the very 
small values and instrumental limitations. In any event, 
latent heat is almost negligible over a Subarctic snow 
surface during much of the winter (Wendler, 1971). The 
sum of sensible and latent heat was thus taken as a re
mainder of the energy-balance equation during the win
ter months. Generally, at least 90% of this total should 
be sensible heat. 

During the summer seasons, the Bowen Ratio was used 
to partition sensible from latent heat fluxes for three
hour blocks of time at the clearing site. Data limitations 
reduced the number of heat-transfer calculations for 
other seasons; only daily values of sensible and latent 
heat fluxes are available for the forest site in any season 
or for the clearing site when snow covered the ground 
(Tables 1 and 2). 

Sensible and Latent Heat Fluxes 

The clearing site. Daily energy balances through the 
study period at the clearing site are presented in Table 1. 
The seasonal pattern is not surprising-the sensible and 
latent heat fluxes are strongly negative during the sum
mers and positive during the winters. This reflects the 
differences in seasonal temperature and vapor pressure 
gradients. 

It is interesting that sensible heat is equal to or slightly 
greater than latent heat during the summer of 1970, but 
that latent heat is much greater during the summer of 
1971. This results from the required assumption of satu
ration vapor pressure at the surface in 1971. When sur
face conditions are below saturation, this produces much 
larger vapor pressure gradients than actually exist (that 
is, smaller Bowen Ratios). The surface of the clearing was 
in fact quite moist most of the time, but no doubt it was 
usually less than 100% saturated. The results for the sum
mer of 1970 are thus considered more accurate and real
istic for an open, Subarctic environment. 

Table 3 presents the diurnal variation of the Bowen 
Ratio and the sensible and latent heat fluxes averaged for 
the days observed during the summer of 1970. The diur
nal progression of the Bowen Ratio is not smooth because 
of the temperature and vapor proftle fluctuations caused 
by synoptic changes and advection from Kluane Lake. 
There is a tendency for lower ratios to occur during the 
night hours because of reduced temperature gradients 
relative to vapor pressure gradients. 

It is apparent that the relative magnitudes of the average 
sensible and latent heat fluxes do not always agree with 
corresponding average Bowen Ratios. This is because 
these are non-linear relationships and individual large 
values of the Bowen Ratio greatly affect the daily Bowen 
Ratio average. As expected, both latent and sensible heat 
fluxes are negative during the daylight hours (0600-2100 
hours) and are positive at night. Sensible heat is not 
always greater than latent heat during the day and less 
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TABLE 3. Diurnal Change in Turbulent Heat Flux 
at the Clearing Site, Summer 1970* 

Time Period R as a, 

1200-1500 1.10 53.6 - 61 .7 
1500-1800 1.24 40.5 40.9 
1800-2100 .95 5.9 10.6 
2100-0000 .79 11.9 14.1 
0000-0300 1.36 14.8 8.9 
0300-0600 .68 21.5 4.2 
0600-0900 6.97 22.3 15.2 
0900-1200 7.71 65.3 - 27.8 

Total -139.4 -129.0 
Average 2.60 - 27.4 - 25.8 

*Values in langleys per day 
Note: R = Bowen Ratio; as = sensible heat flux; a, = latent 
heat flux 

during the night. This is partially explained by the advec
tion of moisture-laden air carried off Kluane Lake by 
the persistent afternoon winds. 

Sensible and latent heat fluxes tend to follow synoptic 
patterns, as does net radiation (Benjey. pp. 89-96. this 
volume), except that the signs are opposite. This is in 
part because the magnitudes of the turbulent heat fluxes 
are largely dependent upon net radiation as a factor in 
the Bowen Ratio calculations. No distinction between 
sensible and latent heat is apparent as a result of synop
tic variations. 

The forest site. The daily sensible and latent heat 
fluxes in the forest also depend on the behavior of the 
net radiation. The combined daily winter values of sensi
ble and latent heat are positive and less in the forest than 
those in the clearing. Latent heat is expected to be slight
ly greater in the forest than in the clearing because of 
transpiration; however, transpiration is greatly reduced 
during the winter. Combined summer (1971) values of 
sensible and latent heat, though negative, are greater than 
the corresponding values in the clearing. 

Even if net radiation was the sa~e at both sites, the 
latent heat flux in the forest should be greater than that 
in the clearing. Because of the assumption of saturation 
vapor pressure at the surface, however, the vapor pres
sure gradient is falsely increased and the values given for 
latent heat flux during the 1971 summer (Tables 1 and 
2) are doubtless too great at both sites. 

Other Energy-Balance Components 

The main energy-balance terms left to be examined 
are the heat gained or lost by precipitation, and heat 
conduction within the snowpack and the soil. However, 
there are some lesser terms in the energy-balance equa
tion which should not be overlooked. First, a certain 
amount of energy is released in plant metabolism, which 
is present particularly in the forest site. This energy 
amounts to only a few thousandths of a calorie per min
ute (Geiger, 1965, p. 311) and may be neglected here. 
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Second, in order to precisely calculate the heat storage 
in the biomass-primarily of interest in the forest-it is 
necessary to know the surface temperature of the woody 
vegetation and volume equivalent of woody material. 
These data are not known for the Kluane Lake area. The 
term is negligible relative to other energy-balance com
ponents. Baumgartner (1956) found tha t biomass energy 
storage (Qf) varied by only O.lly/min from zero over a 
24-hour summer period in a pine forest. Third, because 
the snowpack did not measurably change its properties 
during any day examined, the energy used in melting 
(Qm) and the energy used in storage (~r) did not enter 
into the energy-balance calculation. 

Precipitation. The heat gained or lost from the surface 
due to precipitation (Qp ) was very small during the days 
examined. Tables 1 and 2 give daily Qp values when there 
was precipitation. Precipitation measurements were 
taken every twelve hours using a standard MSC (Meteor
olog:cal Service-Canada) rain gage or snow ruler. Con
sequently only daily values of energy from precipitation 
are dealt with. 

Energy flux due to precipitation may be calculated if 
the temperature of the precipitation is known. Because 
actual precipitation temperatures in the clouds are not 
available, precipitation temperature is taken to be the 
800-cm temperature at the forest site, the highest mea
surement level. This is not exact , but the small contri
bution of precipitation to the energy balance makes the 
error insignificant to the energy-balance calculation. The 
heat transfer by precipitation may be calculated (Keeler, 
1964): 

where : 

Cw = specific heat of water (1 cal/cm3 tc) or 
of ice (0.48 ca)/cm 3 tc) 

Tp = temperature of precipitation at the 800-
cm level ( C) 

Ts = surface temperature ( C) 
w = precipitation (gm/cm2) 

(5) 

Heat conduction in the snowpack . The energy used in 
melting the snowpack (Qm) does not significantly enter 
into the heat balance of any of the days observed in this 
study because of the very rapid melt of the thin snow
pack. This means that within a few days in April, 378 
langleys were used in snowmelt and evaporation at the 
clearing site, and 852 langleys at the forest site. 

The amount of heat conducted through the snowpack 
(Qgs )-which became the effective surface during the 
winter months-was calculated on a daily basis. Conduc
tion through the snowpack is a function of five factors 
(Munn, 1966, p. 136): (1) the energy balance at the 
upper surface, (2) the energy balance at the lower sur
face, (3) snow conductivity and heat capacity, (4) the 
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penetration of radiation into the snowpack, and (5) con
vective and latent heat flow in loosely packed snow. 

The depth, density, and temperature gradient are in
dices of the above factors. If depth, density , and tem
perature gradient are known, the conductive heat flux 
may be accurately calculated. Snowpack heat flux was 
calculated with the expression: 

where: 

dT 
Qgs = k - t 

dz (6 ) 

k thermal conductivity (cal/cm2 /sectc) 
dT = average temperature gradient 
dZ = snowpack depth 

period of time (sec) 

Snow temperatures were taken twice daily 5 cm below 
the surface at both sites, using dial thermometer :; (Tables 
4 and 5). In addition, the temperature of the base of the 
snowpack was taken and used to represent surface soil 
temperature. The temperature gradients thus formed 
should underestimate the actual gradient, since the tem
perature. gradients are usually steepest near the snow 
surface. Nevertheless, because large temperature gradients 
may persist in snowpacks for weeks (Munn, 1966, p. 136), 
the available temperature gradients allow an estimate of 
the heat flux. 

Thermal conductivity in snow is a function of density, 
which was measured in the field (Tables 4 and 5). Snow 

TABLE 4. Snowpack Heat Flux at the Clearing Site 

Snow Average Temperature Heat flux 
Date depth density gradient (OC) 

(Ogs) 
(cm) (g/cm 3 

) (Iys/day) 

1970 
Oct. 20-21 
Oct . 28-29 3.0 0.13 0.44 2.3 
Nov. 4-5 3.2 0.13 0.0 0.0 
Nov. 18-19 5.1 0.18 0.46 2.8 
Nov. 25-26 5.5 0.18 1.44 7.6 
Dec. 16-17 7.5 0.20 0.54 2.2 
Dec. 30-31 8.2 0.20 2 .3 8.7 

1971 
Jan. 6-7 8.4 0.28 0.48 3.2 
Jan. 10-11 9.3 0.21 1.78 6.0 
Jan. 16-17 10.0 0.21 2.23 6 .9 
Jan. 20-21 10.7 0.25 1.96 7.9 
Feb. 8-9 8.8 0.31 - 1.42 - 8 .7 
Feb. 13-14 10.8 0.34 1.76 8.6 
Feb. 17-18 12.0 0 .20 1.01 4 .5 
Feb. 24-25 10.3 0 .28 1.16 6.1 
Mar. 3-4 9.5 0.25 1.77 8.0 
Mar. 10-11 11 .6 0.29 0.90 4.2 
Mar. 17-18 10.8 0.28 - 0.32 - 1.6 
Mar. 30-31 9.0 0 .30 0.22 1.3 
Apr. 6-7 13.8 0.34 -0.38 - 1.9 
Apr. 13-14 
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TABLE 5. Snowpack Heat Flux at the Forest Site 

Snow Average 
Temperature 

Heat flux 
Date depth density (Ogs) 

(cm) (g/cm 3 ) 
gradient(O C) 

(Iys/day) 

1970 
Oct. 20-21 6.0 0.12 3.29 8.5 
Oct. 28-29 7.5 0.12 0.89 1.8 
Nov. 4-5 8.0 0.12 0.00 0 .0 
Nov. 18-19 12.0 0.16 0.68 1.2 
Nov. 25-26 12.0 0 .18 0 .96 2.5 
Dec. 16-17 15.5 0.18 0.67 1.3 
Dec. 30-31 19.0 0 .17 4.52 7.6 

1971 
Jan. 6-7 20.8 0.28 0.68 1.8 
Jan. 10-11 21.8 0.28 3.02 7.4 
Jan. 16-17 22 .0 0.28 3.14 7.6 
Jan. 20-21 24.5 0.22 5.22 6.6 
Feb. 8-9 23.7 0.28 -1.12 -2.5 
Feb. 13-14 24.5 0.30 3.11 6.8 
Feb. 17-18 25.3 0 .35 3.11 8.0 
Feb. 24-25 24.3 0.30 3.22 7.1 
Mar. 3-4 24.0 0.29 2.75 6.1 
Mar. 10-11 25.7 0.27 0.80 1.7 
Mar. 17-18 25.7 0.31 -0.95 -2.0 
Mar. 30-31 29.0 0.31 1.13 2.0 
Apr. 6-7 33.8 0.31 0.40 0.6 
Apr. 13-14 25.8 0.31 -0.42 -0.1 

has a notably low thermal conductivity, which is in keep
ing with its role as a good insulator. Thermal conductiv
ity values were taken from the Smithsonian Tables (List, 
1971). 

The penetration of solar insolation into the snowpack 
increases the temperature in the upper few centimeters. 
O'Neill and Gray (1972) found that albedo and radia
tion penetration are closely coupled and may be impor
tant to a depth of nearly 10 cm in a snowpack. However, 
solar radiation penetration is not significant to the snow
pack in the Kluane area because the amount of insolation 
is very small and strikes the surface at a low incident 
angle during the winter. 

Yen (1962, 196 5) has determined that air flow within 
a snowpack and latent heat transfer may increase thermal 
conductivity by 7.5% in still air, and by 19% with move
ment of 1 cm/sec. However, convective and latent heat 
flow should be minimal in the Kluane snowpack. The 
long duration of large temperature gradients bears wit
ness against effective convection (air movement) within 
the snowpack. 

Tables 4 and 5 list heat transfer in the snowpack for 
the clearing and forest sites. As expected, the results are 
small and generally positive (flux toward the surface). 
As will be seen later, the values never exceed the heat 
flux in the soil below. The occasional negative fluxes 
may be attributed to warm spells induced by synoptic 
changes. Otherwise, little systematic variation is apparent 
throughout the winter. 
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Soil heat flux. The conduction of heat through the 
soil is also dependent upon the temperature gradient 
and the heat capacity and thermal conductivity of the 
soil medium. Although insolation penetration is negligi
ble, the water content of the soil is of critical importance 
in determining the soil heat flux. Water fills pore spaces 
and increases the thermal conductivity of the soil. If 
the soil is frozen, the heat capacity is reduced and the 
thermal conductivity increased. 

Soil heat flux may be calculated using equation 7, as 
adapted from Carslaw and Jaeger (1950); 

where: 

where: 

Q = k ~T2 - Tt] (7) 
li LZ2 -Zt 

Zt,2 depth at level 1 or 2 
Tt 2 temperature at level 1 or 2 
k ' CDs or the thermal conductivity 
C heat capacity (cal/cm3 tc). 

(8) 

t maXt,2 = the time of day at which the maxi
mum temperature was reached at 
level 1 or 2 

2-rr . 
W = - , where p = 24 hours. 

p (9) 

Equation 7 thus determines the thermal conductivity 
in part by the actual rate of temperature penetration. 

The heat capacity of the soil may be determined from 
measurements using equation 10 (Sellers, 1965, p. 132). 

where: 

C = 0.46 Xm + 0.60 XO + Xw (cal/cm 3 tc) (10) 

Xm 

Xo 

Xw 

the volume fraction of mineral matter 
in the soil (%) 
the volume fraction of organic matter in 
the soil 
the volume fraction of water in the soil. 
This should be multiplied by 0.50 
cal/cm3 tc for frozen soil. 

The constants in equation 10 refer to the average heat 
capacities of mineral, organic, and water contents of soil 
as determined by de Vries (1963). The heat capacity of 
the air fraction of soil may be neglected because it aver
ages only 0.0003 cal/cm3 tc (Sellers, 1965, p. 121). 

Measurements of soil density and water content were 
obtained just below the surface at both sites by taking 
a soil sample of known volume and weighing it before 
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and after drying. The proportions of mineral and organic 
material were determined by first sieving and then hand 
sorting plant and animal organic material from the dried 
samples. The volume fraction percentages of water 
changed little within the observed summer and winter 
seasons, with greatest changes at the beginning and end 
of these seasons. Consequently, average summer and 
winter values were determined for heat capacity and 
thermal conductivity at the clearing site. Thermal con
ductivity could not be calculated in the forest because 
of the lack of diurnal soil temperature data (Table 6). 

The soil in the clearing contains 41% water by volume 
and freezing reduced the heat capacity from 0.684 to 
0.481. The values and seasonal changes in heat capacity 
and thermal conductivity agree closely with data presented 
by Geiger (1965, pp. 170-175) and Sellers (1965) for 
fine-grained moist silt or sand. 

Soil heat flux was calculated between the surface and 
10 cm below the surface for the clearing site. Table 7 
gives the daily totals. Soil heat flux follows the tempera
ture gradients, positive in winter and negative in summer. 
Winter soil heat-flux values are relatively small. The 
largest winter values correspond to the coldest period in 
late January. Soil heat fluxes tend to be larger during the 
summer than during the winter, but may at times be 
quite small. This variability is due to synoptic fluctua
tions. A cloudy period may reduce the normally steep 
mid-day temperature gradients and/or contribute cool
ing precipitation. 

Examples of clear-day diurnal soil heat-flux variations 
for winter and summer are demonstrated by the data for 
January 16-17, 1971 and July 10-11, 1971 (Fig. 1). 
There is little diurnal change and values are relatively 
small during the January day. This is because of (1) the 
small diurnal change of cold air temperatures, and (2) 
the insulating effect of the snowpack. In contrast, there 
is a definite diurnal change from positive to negative heat 
flow during the July sample day, and the values are 
larger than during the winter. This is of course a responst 
to greater diurnal radiation receipt and the lack of an 
insulating layer. 

It was necessary to estimate daily soil heat flux in the 
forest in order to compute the Bowen Ratio. This was 
accomplished by calculating the percentage differences 
in soil heat flux between the sites for those times for 
which forest soil temperature data was available. The 
forest soil heat flux was then taken as a percentage of 
the Qg in the clearing. 

1 
HOUOS 

Fig. 1. Heat flux in the soil at the clearing site. 
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TABLE 6. Soil Thermal Properties 

Site & Season Xm(%) Xo(%) Xw(%) 
C k 

(cal/cm 3 /oC) (cal/cm/secrC) 

Clearing, summer 40 15 41 0.684 0.00409 
Clearing, winter (frozen) 40 15 41.5 0.481 0.00470 
Forest, summer 40 20 36 0.664 
Forest, winter (frozen) 40 20 36 0.484 

Note: Xm = volume fraction of mineral matter; Xo = volume fraction of organic matter; Xw = volume fraction 
of water or ice; C = heat capacity; k = thermal conductivity 

The main difference between soils in the forest and 
those in the clearing during the summer is that the forest 
has slightly more organic material and less water (Table 
6). This difference in water content gives a thermal con
ductivity 0.0002 cal/cm/sectC less in the forest than in 
the clearing (Sellers, 1965, p. 128). This agrees with the 
findings of de Vries (1963). In addition, the occasional 
soil temperature gradients measured in the forest during 
the summer are less than those in the clearing. These 
measurements give summer soil heat fluxes in the forest 
which average only 20% of those in the clearing. This 
estimate was used to obtain the summer forest soil heat 
fluxes given in Table 4 . 

TABLE 7. Soil Heat Flux at the Clearing Site 

Date 

Jun. 1-2, 1970 
July 5-{j 
July 16-17 
July 20-21 
July 21-22 
Oct. 21-22 
Oct. 28-29 
Nov. 4-5 
Nov. 18-19 
Nov. 25-26 
Dec. 16-17 
Dec. 30-31 
Jan. 6-7, 1971 
Jan. 10-11 
Jan. 16-17 
Jan. 20-21 
Feb. 8-9 
Feb. 13-14 
Feb. 17-18 
Feb. 24-25 
March 3-4 
March 10-11 
March 17-18 
March 30-31 
April 6-7 
April 13-14 
April 20-21 
May 4-5 
May 11-12 
May 18-19 
June 1-2 
June 15-16 
June 29-30 
July 10-11 

Soil heat flux (lys/day) 

-13.3 
0.8 
0.0 

-10.5 
-29.8 

37.9 
6.3 
1.7 
6.4 

13.2 
4.8 

21.4 
4.9 

28.7 
44.1 
28.9 
10.9 

8.7 
9.4 

14.9 
12.6 
12.6 
6.0 
8.6 
5.5 
5.3 
2.1 

-39.7 
-49.4 
-47.0 
-45.3 
-53.4 
- 7.6 
-46.9 

Summary and Conclusions 

Turbulent fluxes, particularly QI , are the main energy 
sinks during the summer and radiation is the chief heat 
source at both sites. Data from the summer of 1970, 
however, indicate that daily sensible and latent heat 
fluxes are nearly equal in the clearing. Latent heat flux 
is slightly greater in the broken spruce forest (Fig. 2). 

During the winter, radiation is the energy sink, while 
turbulent heat flux is the primary energy source at both 
sites. The radiation balance is always greater (that is, 
more positive in summer; less negative in winter) in the 
forest with the result that the combined turbulent heat 
fluxes - determined as a remainder- are less in the forest 
than in the clearing during the winter, and greater in the 
forest than in the clearing during the summer. Energy 
loss or gain due to precipitation is very small and undis
tinguishable between the two sites. 

The following statements summarize the main findings: 

(1) Th ere is a significant difference in the energy balance~ 
of the Subarctic clearing and broken spruce forest in ~1l ' 
sons. The primary reason for this is the greater net radiaticul 
in the forest. This is caused by relatively lower albedo during 
the winter and lesser outgoing long-wave radiation during the 
sum mer in the forest. 
(2) The broken spruce forest, associated understory, and in
sulating surface litter effectively reduce the intensity and 
depth of soil heating and cooling. This is most apparent in 
the effect on the freezing of the soil. 
(3) The pattern of temperature and wind in the broken 
spruce forest-relative to that in the clearing-indicates that 
the broken forest occupies a position between a clearing and 
closed canopy forest in its effect on climate. 
(4) The results show that even a broken forest has consider
able effect on the freezing of Subarctic ground. This is criti
cal in permafrost or marginal permafrost areas. 
(5) Stability of the air is, as expected, shown to b ~ a r ~il
ing condition in the Subarctic, particularly duI" 19 tr. ~ .. ,ntee. 
Furthermore, a broken forest stand increases t :.at : · .. bility. 
(6) The standard aerod)namic turbulent heat-flux equations 
examined in this study are quite limited under Kluane Lake 
conditions because of their operating assumptions. Thus, 
their use in accurate calculations of the turbulent heat fluxes 
in a Subarctic environment is almost impossible. 

In conclusion, it has been shown that the northern area 
of the boreal forest, with its myriad clearings and clusters 
of spruce trees, cannot be easily categorized as a single 
transitional climatic region of one microclimate type. 
Rather, the Sub arctic is a patchwork of alternating 
energy balance microclimates. 
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Fig. 2. Energy balances at the clearing and forest sites. 
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Summer Climatic Observations at the 5360-M eter Level, 

M 1. Logan, 1968-1969* 

Melvin C. Marcust and Joseph C. LaBelle+ 

ABSTRACT. During the summers of 1968 and 1969 a climatological station was operated at the 5360-m 
level on Mt. Logan. The station was one of several operated in the St . Elias Mountains unde~ the Icefield 
Ranges Research Projec t . Measurements were taken of temperature , wind direction and velocity, cloud cover 
and type, barometric pressure, humidity, in com in g short-wave radiation , and snow accumulation. The climato
logical observations are summarized and discussed, particularly in terms of their relationship to equivalent 
altitudes in the free atmosphere and lower climatic conditions in the St. Elias Mountains. Logistical and 
observational problems encountered in the operation of a high-altitude station are also reviewed. 

Introduction 

To gain insights into the nature of mountain climates, 
a climatological research program was conducted in the 
St. Elias Mountains during the summers of 1963 through 
1969. A network of weather stations has been maintained 
at several sites within or adjacent to the mountain system 
(Plate 1)1 as part of the Icefield Ranges Research Pro
ject, and in cooperation with the Meteorological Branch, 
Canadian Department of Transport. This paper sum
marizes and discusses observations at the station most 
recently established in the Project network, Mt. Logan. 

Although the period of record for this station is rela
tively short, a few summer months in 1968 and 1969, it 
takes on special significance because of its location and 
site characteristics. At an elevation of approximately 
5360 m, it is the highest weather station operated in 
North America. It is not its record-breaking attributes, 
however, which scientifically distinguish it, but rather 
the fact that it provides surface weather data for a 
major mountain system at an elevation approaching that 
of the 500-mb charts. 

In northwestern North America, where few weather 
stations are operated and even fewer record upper-air 
data, the value of an isolated high mountain station is 
considerable. The significance of such a station is per
haps best demonstrated by one example from the many 
problems that exist in mountain climatology. It is 
obvious that mountain ranges of the magnitude of the 
St. Elias should significantly influence pressure patterns, 
wind flow, and frontal activity to 700- and even 500-mb 
levels in the atmosphere. Spatial distortions of these 

*This report has previously appeared in Arctic and Alpine Re
search, Vol. 2, pp. 103-114 (1970) , and is reprinted here with 
permission . 
tDepartment of Geography, University of Michigan, Ann Arbor 
at time of writing; present address : Department of Geography, 
Arizona State University, Tempe . 
:j:Arctic Institute of North America, Washington, D.e. 
1 Plate 1 is a map inside the back cover of this volume. 
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weather operators are inevitable as the boundary layer is 
thrust into the usual realms of free-atmosphere flow. 
Mountain wave theory is one way by which these dis
tortions are described and explained. Yet for any given 
mountain range, the climatologist or forecaster must 
interpolate and draw flow lines on the basis of hypoth
eses not verified for that given range ; that is, he must 
fill a void on the weather network map based on as
sumptions drawn with considerable faith. This is a 
tremendous disadvantage for the analyst who recognizes 
that considerable differences exist between streamline 
models and the reality of air flow over a given mountain 
range. Additionally, each weather system that approaches 
a mountain complex is-because of variable vectors, 
gradients, and intensities-subject to a multitude of per
mutations when it crosses or makes contact with the al
pine barrier. 

A major objective of the Icefield Ranges program has 
been to identify scalar connections between boundary
layer weather within the mountain region and macro
scale weather associated with air masses and upper-air 
flow. By adding the high Mt. Logan station to the other 
six sites of the St. Elias transmountain climate transect, 
we may view the reality of surface weather at high el
evations and attempt to discover links between the 
mountain climate and that of equivalent free-atmosphere 
levels. This research is still in progress and only a pre
liminary summary and discussion of Mt. Logan observa
tions are included herein. Detailed observational data for 
the Project network are available elsewhere (Marcus, 
1965a; Marcus, et al. , 1966; Marcus, et al., 1968; Havens, 
1968; Kolberg and Brazel, 1969; Benjey, 1970) as are 
specific climatic studies (Havens and Saarela, 1964; 
Marcus, 1965b, 1970; Brazel, 1968; Benjey, 1969; 
Lougeay, 1969; Taylor-Barge, 1969). 

Station Location and Operation 

Mt. Logan (6050 m) is situated in the heart of the St. 
Elias Mountains (Plate 1). The Logan massif, one of the 
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largest in the world, extends some 32 km in length from 
east to west and has a maximum width of 13 km. From 
glacierized valleys, the rock and ice waIls of Logan rise 
from 3500 to 4300 m on all sides (Figs. 1, 2). Between 
5100 and 5500 m, a summit plateau extends some 14 
km in length. From this plateau rise relatively smooth 
and rolling peaks, the several summits of Mt. Logan. 

Mt. Logan station is located on a broad glacier field, 
some 20 km2 in area, near the center of the plateau 
(60

0
36'N, 140

0
30'W). Six summits and their connecting 

cols surround the glacier field on all sides but east, where 

MELVIN G. MARCUS AND ]OSEPH C. LABELLE 

Fig. 1. Mt. Logan seen from the 
southeast. The massif rises 4000 m 
above the snows of the Seward Glacier 
(lower left) and Hubbard Glacier 
(right). Photo by WaIter A. Wood. 

an icefaII drops precipitously to the Logan Glacier valley. 
Station elevation is 5360 m. 2 

The weather station was operated from July 2 through 
August 2,1968, and from June 28 to July 29, 1969. Ob
servations were taken at 3-hr intervals commencing 0900 
GMT (0100 Yukon EST) in accordance with schedules 

1 Station elevation was determined by theodolite survey using 
International Boundary Survey benchmarks for control. Survey
ing operations were conducted by Dr. Gerald Holdsworth, the 
Ohio State University Institute of Polar Studies. 

Fig. 2. Mt. Logan from the northeast 
viewed across the head snows of the 
Hubbard and Walsh Glaciers. Photo 
by Walter A. Wood. 
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Fig. 3. The upper plateau and peaks of Mt. Logan viewed from the northwest. The research stat ion is located in the broad basin encom
passed by the several wes tern and northern pea ks of the massif. Line drawing by Niki Thrclkeld. Names of geographical features are 
unofficial. (For correc ted elevations, see Fig. I , p. 212 ) 

established for the Project weather network. The timing 
of readings facilitates comparison with 1200/0000 GMT 
radiosonde releases and 0600/1800 GMT pilot balloon 
ascents at Whitehorse and Yakutat. Elements observed 
were temperature, 3-hr temperature maxima and minima, 
wind direction and velocity, barometric pressure, type 
and amount of cloud cover, precipitation, visibility, rela
tive humidity, and short- and all-wave radiation. Addi
tional data were taken on special phenomena. Continuous 
recordings were obtained on automatic instruments for 
insolation, wind velocity, temperature, and relative hu
midity. During the period June 14 to July 1, 1968, while 
the field party was climbing on the mountain and estab
lishing the camp, weather observations were also taken. 
These were necessarily recorded on an unscheduled basis. 

In association with the above programs, measurements 
were made of snow accumulation and ablation at a 26-
stake farm near the station and along a 1600-m proHle 
from the station to Research Knob (5603 m). Tempera
ture, snow density, and gross stratigraphy were deter
mined at six snow pits on the plateau, surrounding peaks, 
and cols (LaBelle, 1970). Temperatures were recorded 
daily of the upper 30 cm of snow at the station; densities 
were recorded for the upger 6 cm. Water samples were 
collected for cation and 0 content in cooperation 
with another Project program. 

Summary of Observations 

A climatic summary for Mt. Logan is presented in 
Table 1 and Figure 4. Selected snowfall data are given in 
Figures 5 and 6. Complete observational data are pre
sented elsewhere (Benjey, 1970). Weather characteristics, 

as expected, are rather spectacular for the northern hemi
sphere in midsummer. The climatic record is remarkably 
similar for the two Julys; this is largely a response to air
mass behavior. In each year quasi-stationary ridges and 
high-pressure cells dominated the region throughout 
much of the observational period. Data presented in the 
summaries are self-explanatory. Additional attributes of 
the climatic record are discussed below. 

Temperature. Temperature similarities for the two 
summers are primarily a response to regional climate; 
there is no apparent dampening of year-to-year climatic 
change by altitude. This is demonstrated by the close 
agreement of July 1968 and 1969 temperature data at 
four Project stations (Table 2). The effect of altitude is 
significant, however, in terms of the diurnal temperature 
range. For example, the maximum diurnal range was 
20.1°C. This occurred on the day experiencing the ex
treme minimum for the July observation period. A 
similarly high range, 19.8°C, was recorded on the day 
experiencing the extreme maximum temperature. Pre
dictably these extremes occurred under conditions of 
clear sky, no wind, and maximum visibility, when 
diurnal radiation and re-radiation processes are most 
effective. The minimum diurnal temperature range of 
4.1°C occurred during a white-out with blowing snow. 
During most ~eriods of overcasts or fog, diurnal values 
differed by 8 C or more. This is a significantly wide 
temperature range for such weather conditions, an ob
vious response to high altitude and the decreasing im
portance of long-wave radiation and greenhouse processes. 
At Divide Station, elevation 2637 m, similar weather is 
frequently accompanied by a diurnal range of 1°C or 
less. 
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TABLE 1. Climatological Summary, Mt. Logan 

Climatic Factor July 2-Aug. 2, 1968 June 28-July 28 , 1969 

Mean daily temperature (oC) 
Mean max. daily temperature (OC) 
Mean min. daily temperature (OC) 
Extreme max. daily temperature (OC) 
Extreme min. daily temperature (OC) 
Mean daily radiation (ly) 
Extreme max. daily radiation (ly) 
Extreme min. daily radiation (ly) 
Mean insolation index (Qs/Qe) 
Mean cloudiness (tenths) 
Mean wind velocity (m/sec) 
Max. wind velocity (m/sec) 
Mean relative humidity (%) 
Max. relative humidity (%) 
Min. relative humidity (%) 
Mean pressure (mb) * 
Extreme max. pressure (mb)* 
Extreme min. pressure (mb)* 

- 17.2 
- 10.8 
-22.2 

- 3.4 
-28.3 
802.4 
945.2 
550.5 

0.88 
6.0 
3.4 

23.7 

100.0 
22.0 

528 .6 
537 .5 
517.0 

- 17 .4 
-11 .2 
-23.9 

- 3 .6 
-26.6 
744.2 
998.4 
566.4 

0.78 
4.9 
2 .6 
8 .9 

73 
100.0 
23.0 

511.5 
521.9 
494.8 

Unscheduled Weather Observation, June 5-July 2, 1968 

Extreme max. temperature (OC) 
Extreme min . temperature (oC) 
Max. wind velocity (m/sec) 

- 12.2 
- 31.7 

22.4 

*Barometric data are correct relative to each other for each year. Absolute pressure values are subject 
to a constant calibration error for each year . Absolute values for the 2 years should not be compared. 

Preliminary analysis of afternoon temperatures indicates 
that the Mt. Logan plateau area is warmer by 2° to 7°C 
than equivalent altitudes over the Pacific littoral or con
tinental interior. Such differences, which point out the 
dramatic variation between surface and free atmosphere 
temperatures at high elevations, have been cited by a 
number of investigators for mountainous sites at lower 
latitudes (Whipple, 1926; Bleibaum, 1953; Baumgartner, 
1961 ; Yoshino, 1966; Coulter, 1967). The St. Elias re
gion figures are based on 0000 GMT station temperatures 
which were compared to 0000 GMT radiosonde tempera
tures at equivalent station height over Yakutat, Alaska, 

and Whitehorse, Yukon. It is probable that radiational 
heating of the Stevenson screen is responsible for some 
error (Miller, 1956), but the magnitude of temperature 
differences between the Mt. Logan boundary layer and 
the free atmosphere is sufficient to suggest environmen
tal causes as well. Low wind velocities during the period 
of record further promote this situation since stable 
cold air stagnates over the glacier surface standard in
strument height. 

Insolation. Incoming solar radiation is, as expected, ex
tremely high at 5360 m. The ratio of actual to theoretical 

TABLE 2. Temperature Summary at Four Icefield Ranges Stations, July 1968 and July 1969* 

Mean Mean Mean Extreme Extreme 
Elevation July Max. Min. Max. Min. 

Station (m) Temp. July Temp. July Temp. July Temp. July Temp. 
rC} (OC) (OC) (OC) (oC) 

Base Station (Kluane Lake) 786 
1968 12.2 17.2 5.2 23.3 1.4 
1969 11.1 16.8 5.7 21.9 -1 .1 

Chitistone 1779 
1968 6.2 10.5 2.7 15.7 -1.1 
1969 4.4 7 .5 1.6 14.3 -2.8 

Divide ca. 2650 
1968 -0.1 4.1 4.7 8.9 -9.4 
1969 -2.1 3.0 5.8 12.1 -10.3 

Mt. Logan 5360 
1968 - 17.2 -10.8 -22.2 -3.4 -28.3 
1969 -17.4 - 11.2 - 23.9 -3.6 -26.6 

*Data for Base Station , Chitistone, and Divide are based on full·month observations. Mt. Logan data are for July 2-AuQust 2, 1968 
and June 28-July 28, 1969. 
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TABLE 3. alae Ratios for Icefield Ranges Stations* 

Logan Divide Chitistone Base Station 
Summer (5360 m) (ca. 2650 m) (1779 m) (Kluane Lake) · 

(786 m) 

July 1968 0.88 0.48 0.41 
July 1969 0.78 0.60 0.41 0.44 

*Qs = actual incoming global radiation; ~ = theoretical global radiation for 61° N. 

'insolation for Mt. Logan is roughly double that of the 
lower Kluane Lake and Chitistone Pass sites (Table 3). 
At approximately 2650 m, Divide Station, perpetually 
snow covered, presents appropriate intermediate values. 
Although the mean ~/Qe ratio was higher for Mt. Logan 
in 1968 (0.88) than in 1969 (0.78), mean cloud cover 
was greater in 1968. The anomaly is explained by an in
crease in diffused and reflected short-wa.ve radiation 
under relatively thin fog and stratiform cloud conditions. 

Wind. A rather surprising facet of Mt. Logan's weather 
was the high percentage of time with calm or low-speed 
winds in 1968. The 1967 party, which reconnoitered 
the Mt. Logan site, experienced high winds over long 
periods. This correlates directly with prevailing marine 
storm tracks in July 1967. In 1968, however, cyclonic 
influences from the Gulf of Alaska were weaker than 
normal and quasi-stationary ridges dominated the region 
throughout much of the observation period. Low wind 
speeds characterized these ridges aloft. There is good 
general agreement between wind characteristics on Mt. 
Logan and 500-mb winds over Yakutat and Whitehorse 
(Table 4). All stations reveal low speeds and reasonable 
similarities of direction (given local topographic dis
tortions about the Mt. Logan site). In absolute terms, 
however, Mt. Logan wind velocities are less than those in 
the free atmosphere. This is explained by local topog
raphy which interferes with air flow from all directions 
but northeast. Thus, surface winds on Mt. Logan reflect 
directly upper-air patterns. At the lower and glacierized 
valley stations, it is interesting to note there was little or 
no reduction in the velocities of upvalley and downvalley 
winds during periods when weak pressure gradients oc
curred aloft. 

Snow cover. The effect of prevailing air masses is ap
parent in snowfall statistics. In 1967, the reconnaissance 
party claimed a single snow fall in excess of 1200 mm 
and a 3-week accumulation of 2700 mm. Although 
these figures are probably exaggerated due to drifting 
snow, the tendency was real. In 1968, the reduction of 
westerly orographic flow reduced total snowfall to 489 
mm for July. It should be noted that this still represents 
113.6 mm of water accumulation and that the oft
r~peate~ gene~alization that precipitation is low at very 
hIgh altitudes In mountains can be exaggerated. Varia
tions in 1968 snowfall density are shown in Figure 5. 
Figure 6 demonstrates the considerable spatial differ
ences in the accumulation snowpack; the impact and de
flation is prominent on exposed Research Knob. 

Special Operational Problems 

The maintenance of a weather station at high altitudes 
and: on a glacier surface presents problems not encoun
tered in normal meteorological operations. Two major 
types of difficulties are identified: (1) datarecording and 
(2) logistics and station operation. 

Data records. Mountain sites present special observa
tional problems which are accentuated if a weather sta
tion is associated, as are the Icefield Ranges stations, with 
government weather service operations. Data intended 
for research purposes may be recorded in any format 
that satisfies the investigator, but exacting regulations 
govern weather reports transmitted by radio and teletype. 
Thus the observer at a station such as Mt. Logan must re
spond to what often seem irrational rules. An example is 
the question of defmition of cloud types. Textbooks and 
manuals neatly categorize clouds within strato, alto, and 
cirro horizons on the basis of height above station. What 
then is the observer, standing on a 5360-m surface, to re
cord when he views a classical cirriforrn cloud some 1000 
m above his station? Obviously it cannot be a cirrus 
cloud since regulations state that such clouds must have 
an altitude of approximately 6000 m above the station 
surface. The fact that the cloud consists of ice particles, 
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Fig. 5. Variations in surface snow density, Mt. Logan station. 
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Fig. 6. Variations in snow accumulation and ablation along a pro· 
file running from the research station (5360 m) to Research Knob 
(5603 m). The upper graph shows variations in accumulation and 
ablation during the period July 7 to July 31, 1968. The lower 
graph is a topographic profile of the transect . 

is feathery, and appears to be a cirrus cloud makes little 
difference. If the observation is transmitted to either 
Canadian or United States teletype circuits, it must be 
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defined as a strato-layer cloud. This situation was at least 
partially clarified by stating the elevation of Mt. Logan 
station in Airways Code reports . 

Another attribute of stations which stand above sur
rounding terrain is the presence of clouds below the 
stations. Such clouds are recorded as undercast. For Mt. 
Logan, undercast conditions were recorded in tenths of 
cloud cover, altitude of cloud tops (and bottoms where 
visible), and cloud type. Although the undercast sector 
seen from Mt. Logan station encompasses only one 
quadrant, it still provides an overview of much of the 
central St. Elias Mountains and the continental margins 
of the range. Such observations are of value to the larger 
weather network because they provide information for a 
vertical sector of the atmosphere not often visible from 
lowland stations. Thus useful records are available that 
describe multiple cloud layers and their heights. A typ
ical Airways Code report for Mt. Logan reads as follows: 3 

1800Z 
LOGAN 4(J)E300l50 12/ 7/ SE8/ SC2ST6/ 

UNDERCAST 5/ 10 w TOPS 12,000 
205 14.52.0 TR STA ELEV 17,600 FT 

3The decoded message reads: 1800 hr Greenwich time observa
tions for Mt. Logan, 400 ft scattered clouds, estimated 3000 ft 
broken clouds, visibility 50 miles, temperature 12°F, dew point 
7°F , winds SE at 8 mph, 2/10ths stratocumulus, 6/10ths stratus, 
S/10ths under cast conditions with cloud tops at 12,000 ft mean 
sea level, pressure rising steadily or unsteadily by 0.5 mb in the 
last 3 hr, maximum temperature during the past 12 hr 14.So F, 
minimum temperature past 12 hr 2.0°F, trace of precipitation, 
station elevation 17 ,600 ft. 

TABLE 4. Comparison of Winds at Mt. logan Station to 500-mb Winds over Whitehorse 
and Yakutat, July 4 to July 24, 1968 

Whitehorse Mt. Logan Yakutat 
(50D-mb level) (5360 m) (500-mb level) 

Wind Wind Wind Wind Wind Wind 
Date direction speed direction speed direction speed 

(degrees (m/sec) (degrees (m/sec) (degrees (m/sec) 
azimuth) azimuth) azimuth) 

July 4 202 18 135 09 170 23 
July 5 159 14 135 06 117 12 
July 6 053 06 020 01 052 10 
July 7 339 03 C 00 044 03 
July 8 219 03 C 00 120 12 
July 9 198 11 135 05 182 14 
July 10 192 06 135 04 161 12 
July 11 115 11 090 04 
July 12 157 11 090 02 111 08 
July 13 080 09 090 04 084 06 
July 14 121 12 045 06 110 03 
July 15 129 14 C 00 127 09 
July 16 051 09 135 00 114 07 
July 17 069 08 090 04 077 13 
July 18 095 08 090 05 083 11 
July 19 101 09 090 05 116 13 
July 20 000 00 090 05 117 12 
July 21 042 04 090 01 
July 22 070 09 090 02 105 10 
July 23 352 06 090 04 100 14 
July 24 034 02 090 03 136 09 
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LO,Ristics and station operation. Equipment and sup
plies for Mt. Logan station were transported by ski
wheel aircraft from Kluane Lake base camp. Standard 
instrumentation was utilized for all weather observations. 
Inspection of the Mt. Logan data suggests that the cli
mate on the mountain presents no special problems of 
instrument selection and operation. With the exception 
of barometric pressure, the summer climate of Mt. Logan 
is similar to or milder than that of winter in the Arctic, 
or even the northern Great Plains. Thus, taking normal 
cold weather precautions, it should be possible to oper
ate a high mountain station with standard instrumenta
tion. Unfortunately, this was not always the case. 
Covered instruments iced frequently since actinographs 
and thermographs could not be perfectly sealed against 
the invasion of wind-driven snow and rime accumulation. 
Also, ice and frost developed inside the instruments and 
their cases-probably due to the collection of water 
vapor at warm, daytime instrument temperatures, with 
subsequent ice formation in the evening. In some in
stances, this led to seizure or stoppage of automatic 
equipment. Nearly continuous surveillance was neces
sary to maintain the equipment. These are not unusual 
winter difficulties. Instrument calibration, repair, and 
maintenance are less routine, however, at a high and 
isolated site than in warm and well-equipped workshops 
near sea level. 

Acclimatizing to and living at 5360 m is in fact the 
major operational problem. Since there are risks, and 
certainly a painful period of adjustment, for persons 
flying directly to these altitudes, the basic station team 
acclimatized while climbing to the plateau. Given these 
conditioning advantages, observers still found it impos
sible to maintain a 24-hour schedule at all times. Sleep 
was difficult to obtain in crowded quarters when one 
or more persons were working, and gaps in the obser
vational record were unavoidable. This is consistent with 
the experience of miners in the Andes who are unable 
to sustain full work schedules if they remain above 5200 
m, but can labor effectively if they commute from living 
quarters at 4500 m. 

Conclusions 

Short-term weather observations on Mt. Logan indicate 
a closer connection between surface and free-air weather 
elements than is characteristic of lower, glacierized zones 
of the St. Elias Mountains; nevertheless, high-elevation 
surface data suggest that some weather variations result 
from topographic and other local effects. Caution must 
be exercised in interpretation of the data, since the 
dominance of ridge and clear weather conditions during 
the observational period is not typical of summer cli
matic conditions in the St. Elias Mountains. Low-pres
sure systems and associated storms have, over the 9-year 
Project record, played a more significant role in summer 
climate than is indicated for July of 1968 and 1969. 

The high mountain observations are of greatest value 
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in providing a link between lower alpine weather and 
free atmosphere processes. Ongoing Project research in 
glacier climatology, human physiology, and alpine cli
matology should profit considerably as an understanding 
of the full climatic prome of the mountain barrier is 
developed. In addition, planned energy-flux research at 
the Mt. Logan station will provide clearer insights into 
the processes operating in this remote mountain environ
ment. 
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Solar Radiation Measurements at 5365 Meters, 

Mt. Logan, Yukon 

Melvin C. Marcus ' and Anthony J. Brazeft 

Introduction 

Microclimatic and energy-balance studies were con
ducted at the Mt. Logan Research Station (5365 m) 
during the period June 29-J uly 22, 1970. This paper 
reports on the short-wave radiation component of the 
investigation and compares these data to Divide B, 
Kluane Lake, and selected alpine locations. Evaluation 
of the other energy-balance components for Mt. Logan 
(see Marcus, Table 2, p. 18, this volume) will be pre
sented subsequent to the publication of this volume. 

Incoming solar radiation on a horizontal surface was 
measured with an Eppley 50-junction pyranometer with 
potentiometer read out. Because of cold ambient temper
atures during the period (extreme range: - 34.2°C to 
- 6.9° C), a small polyethelene tent and heat lamp were 
used to maintain above freezing temperatures in the 
potentiometer environment and to protect the standard 
cell. Reflected short-wave radiation was recorded simi
larly with an inverted Eppley 10-junction pyranometer. 
Data were recorded at 15-minute intervals during the 
periods of 1600 hours June 29 to 2200 hours July 6 ; 
1200 hours July 16 to 2145 hours July 17; and 1015 
hours July 19 to 1200 hours July 22. Three-hourly 
measurements were taken on the other days. 

A Belfort recording actinograph was operated from 
June 24 through July 23, providing a continuous trace 
of incoming solar radiation. Although the actinograph is 
considered a cruder instrument than the pyranometer, 
the data show remarkably close agreement and it was 
possible to substitute actinograph data when Eppley 
measurements were unavailable. Similar instrumentation 
was in use at both Kluane Lake and Divide B during the 
Mt. Logan period of record. 

Short-wave Radiation Data 

Short-wave radiation data for Kluane Lake, Divide B, 
and Mt. Logan are summarized for the 1970 period of 
record in Table 1. Mean daily incoming solar radiation 
(Si) shows an appropriate increase of radiation with alti
tude. Total daily insolation decreases at a mean rate of 
14.31ys/100 m between Kluane Lake and Divide B; be
tween Divide B and Mt. Logan the rate is 3.3 lys/100 m/ 
day. This is primarily because of the atmosphere's more 

*Department of Geography , Arizona State University, Tempe 
tDepartment of Geography , Universi ty of Windsor , Windsor , 
Ontario 
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effective filtering system in the lower altitudes. This is 
further revealed in the transmissivity ratios. Almost 
twice as much radiation penetrates to 5365 m as does to 
787 m. The impact of thicker cloud layers is especially 
evident in the minimum daily Si readings for Mt. Logan 
and Kluane Lake (612 and 1231ys/day respectively). 

Reflected short-wave radiation (So) is indicative of the 
perennial snow cover at the Divide B and Mt. Logan 
stations (Table 1) . The slightly greater albedo at Divide 
B (86%) probably results from a greater frequency of 
light snowfalls and less wind sculpture than at the Mt. 
Logan site (84%) . 

Considerable variation is apparent under different 
synoptic conditions. In Table 2, short-wave radiation 
data have been presented for three sample days. July 21 
was a clear day throughout the St. Elias region until 
early evening (about 2000 hours), when local clouds and 
fog covered the Mt . Logan site. This accounts for the 
slightly greater total insolation and transmissivity at the 
lower Divide B Station. Furthermore, local horizons 
allow 30 minutes more sunlight at Divide B than at Mt. 
Logan on that date. Otherwise , expected altitude-radia
tion relationships hold. July 4, a partly cloudy day, is 
particularly interesting because of the higher insolation 
and transmittance at both Divide B and Mt. Logan. 
Examination of the weather record indicates that both 
stations experienced partial to total obscuration by fog 
and blowing snow. Scattered to broken cirrus and 

TABLE 1: Summary of Short·wave Radiation Data, 
St. Elias Mountains: June 24-July 23, 1970· 

Kluane Lake Divide B Mt. Logan 
(787 m) (2652 m) (5365 m) 

Mean da ily Si 
Extreme maximum 

426 694 784 

daily Si 581 956 957 
Extreme minimum 

daily Si 123 469 612 
Ratio of theoretical 

and measu red 
insolation (Qs/Oe) 0.445 0.731 0 .819 

Mean daily So 597 653 
Extreme maximum 

daily So 809 872 
Extreme minimum 

daily So 419 502 
Mean daily 

albedo (%) 86 84 

• Values in gm cal/cm' /day . 
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TABLE 2: Selected Comparative Insolation Values Under Cloudy, 
Partly Cloudy, and Clear Skies, Icefield Ranges: July 1970 

Weather, date, Elevation 
and station (m) 

Clear (July 21) 

Mt. Logan 5365 
Divide B 2652 
Kluane Lake 787 

Partly Cloudy (July 4) 

Mt. Logan 5365 
Divide B 2652 
Kluane Lake 787 

Cloudy (July 17) 

Mt. Logan 5365 
Divide B 2652 
Kluane Lake 787 

cirrostratus were observed during breaks in the fog. The 
July 4 measurements for Sj and OsIQe are typical for 
such conditions (which are quite frequent) in the Icefield 
Ranges. It is believed that the high values are due to in
creased multiple reflectivity between the snow and thin 
fog layers, which prevents So from escaping at the 
normal rate. 

The entire St. Elias Mountains and Kluane Lake area 
were under the influence of a major storm system on 
July 17. Kluane Lake , Mt. Logan, and Divide B were all 
under 10-tenths cloud cover throughout the day, with 
total obscuration at the latter two stations. pilot reports 
indicate that the clouds were stacked to at least 7500 m 
and precipitation was common over the region. The 

Ratio of observed 
Incoming solar surface insolation 

radiation to extraterrestrial 
(gm cal/cm'/day) insolation 

(Qs/~) 

774 0.84 
825 0 .89 
552 0 .60 

948 0.96 
956 0.97 
570 0 .57 

612 0.65 
519 0.59 
210 0.22 

dramatic ftItering effect of the storm system on Si and 
QsIQe, particularly at Kluane Lake, is apparent in the 
July 17 data. 

Maximum Insolation and Transmissivity 

Radiation data organized about daily mean and total 
values tend to smooth results and eliminate errors intro
duced by such factors as instrument lag and improper 
observation. Such statistics also obscure real minute-by
minute variations which may be significant. The sunrise 
and sunset albedo glint periods, for example, occurred 
regularly at Mt. Logan but are not apparent in the sum
mary statistics. Similarly, there are periods of very high 
insolation which cannot be explained by instrument or 

TABLE 3: Selected Cases of Maximum Recorded Solar Radiation in High Mountain Regions 

Latitude Elevation 
Measured solar Solar radiation at 

Station (ON) (m) 
Date Year Time radiation top of atmosphere Transmissivity 

(gm cal/cm'/min) (gm cal/cm'/minl 

Mt. Logan, 60 .6 5365 July 5 1970 1400 1.80 1.41 1.28 
Yukon July 8 1970 1300 1.77 1.50 1.18 

June 29 1970 1500 1.32 1.28 1.03 
July 21 1970 1400 1.30 1.37 0.95 
July 10 1970 1200 1.25 1.52 0.82 
July 20 1970 1400 1.15 1.37 0.84 

Mauna Loa, 19.5 3383 Feb 2 1959 1200 1.70 1.64 1.03 
Hawaii' Feb 8 1960 1200 1.69 1.70 0.99 

Apr 3 1962 1200 1.68 1.82 1.06 
Jan 12 1961 1200 1.65 1.56 0.93 

Mt. Whitney, 36.6 4420 Aug 17 1910 1212 1.73 1.80 0.96 
California t Sept 3 1909 1254 1.68 1.66 1.01 

Aug 25 1908 1347 1.66 1.62 1.02 
Silver Hut, Mingbo 27.8 5718 Apr 30 1961 1044 1.68 1.70 0.99 
Glacier, Nepal++ 

'Measured solar data from U.S. Weather Bureau data cited in Bishop, et al. (1966) 
t Measured solar data from Abbot, et al. (1913) 
++Measured solar data from Bishop, et al. (1966) 
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operational error. Such instances are revealed in Table 3, 
which presents selected maximum measurements of Si 
for Mt. Logan and three other high mountain stations
Mauna Loa (Bishop, et aI., 1966), Mt. Whitney (Abbot, 
et al., 1913) and the Silver Hut (Bishop, et al., 1966; 
Bishop, 1970). Transmissivity figures in Table 3 were 
calculated from the measured data and a computer-gen
erated model for solar radiation at the top of the atmo
sphere at the indicated dates and latitudes. 

Because of seasonal and latitudinal differences between 
the stations (that is, length of day, sun angle), only 
cautious comparisons may be drawn. It is clear at all 
stations, however, that there are short periods of maxi
mum insolation accompanied by transmissivity values 
approaching, and even exceeding, 1.00. 

The high QsIQe calculations for July s 'and 8 (1.28 and 
1.18) at Mt. Logan are especially anomalous in this 
regard, although Mauna Loa and Mt. Whitney have also 
experienced excessive transmittance. If observational 
error is eliminated as the cause, their departures may be 
explained either by special short-term variations of cloud 
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cover or topographic influences. For Mt. Logan, each 
QsIQe over 1.00 was accompanied by low, scattered 
cumulus clouds with bases within 50-150 m of the 
station surface. Additional scattering from the partic
ular cloud formation may be responsible for high trans
mittance. Also, backscatter from higher surrounding 

• snow summits may focus on the measurement site and 
supplement usual beam and diffuse radiation. 

Eliminating the July 5 and July 8 values, Mt. Logan 
generally receives less daytime insolation per minute 
than the other mountain areas. This is consistent with 
its higher latitude and lower sun angles. 
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The Development and Application of a Simple 
Digital Surface-Climate Simulator· 

Samuel I. Outcaltt 

ABSTRACT. A digital equilibrium temperature model for the simulation of the diurnal surface thermal and 
energy transfer regimes is presented together with a discussion of the modifications necessary to achieve 
realistic simulations and numerical stability. In addition, application examples and the details of the con, 
vergence tests at point and areal scales are presented. 

Introduction 

Numerical models which clearly describe the transfer 
operator between input and output functions offer 
society great benefits as tools for estimating the clima
tological effects of land-use manipulation. In the field of 
energy-transfer climatology, there is a long and distin
guished history of modeling based upon analytical solu
tions to differential equation sets (Brunt, 1934; Lettau, 
1951; Lonnqvist, 1962, 1963). Recently, Myrup (1969) 
developed a powerful and elegant analog solution for 
the diurnal surface thermal and energy transfer regimes 
based upon equilibrium temperature theory. This theory 
states that given a set of astronomical-temporal, atmo
spheric and surface boundary conditions there is one and 
only one surface temperature which will balance the 
energy conservation equation across the surface of the 
earth. That temperature is termed the equilibrium surface 
temperature and, with ideal modeling, it will converge 
with the observed diurnal thermal regime. This paper 
describes the process of modifying the Myrup model 
for digital hardware application and discusses some 
problems, implications and applications noted during 
the task. 

The Skeleton for Equilibrium Temperature 
Computation 

The basic equation of energy-transfer climatology is 
the energy conservation law 

Rn + LE + H + S = 0, (1) 

that is, the sum of net radiation, evaporation-condensa
tion, heat flux to air, and heat flux to soil is zero . By 
convention, a negative component is directed away from 
the surface either upward or downward. 

*This paper has, previously appeared in the journal of Applied 
Meteorology, Vol. 11, pp. 629-636 (1972), and is reprinted 
here with the permission of the American Meteorological Society. 
tDcpartmcllt of Geography, Univcrsity of Michigan, Ann Arbor 
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In detail, the magnitude of the net radiative flux is 
composed of two distinct components: the net short
wave radiation flux, as determined by beam and diffuse 
solar radiation (Q + q) and albedo (0:), and the net ther
mal radiation which is determined by the thermal emis
sivity of the surface (€), the surface temperature (To), 
the radiation temperature of the sky hemisphere (T sky)' 
and the Stefan-Boltzman constant (a). This relationshlp 
is expressed as 

Myrup has indicated that at this rough stage of model 
building the adiabatic estimate of the turbulent transfer 
coefficient will suffice, that is, 

(3) 

where p is air density, k the von Karman constant, Uz 
the upper-level wind velocity, Z2 the level of wind-speed 
measurement, and Zo the surface roughness length which 
defines the magnitude of the coefficient. The model 
further specifies that the sensible and latent heat com
ponents are controlled by the humidity (q) and the tem
perature (T) gradients between the surface and the upper 
measurement level as well as by the heat capacity of the 
air (C). The dry adiabatic (r) lapse rate, in terms of 
potential temperature, is used at the upper level Zz 
[where (Uz , qz, Tz ) are measured], a level which is 
supposed to be sufficiently far (high enough) to be be
yond diurnal heat wave penetration but low enough to 
satisfy the restrictions of logarithmic gradients used in 
the derivation of (3). Finally, the soil temperature (Ts) 
measured below the level of diurnal variation at depth 
(Zs) and the thermal conductivity of the soil (Ks) deter
mine the magnitude of the soil heat flux. Myrup suggest
ed 20 cm for Zs and 300 m for Zz. These relatio!1ships 
are as follows: 

-'-[ = CK[T2 - rZ2 - To J, 
LE = LK[qz -qo J, 

(4 ) 

(5) 
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(6) 

together with the finite-difference solution of the Fickian 
diffusion equation, 

Tn(l) = Tn(I - 1) 

+ {d[Ts - 2Tn(I - 1) + To (I - 1)]/(Zs/2)2} 6.t, 
(7) 

where I is the time increment, 6.t, d the diffusivity, and 
Tn the temperature at Z/2. 

Over a wet surface, the absolute humidity (q) is a func
tion of surface temperature only. Myrup makes the as
sumption that the mean surface relative humidity (RH) 
is equal to the area fraction of that block in water or 
freely transpiring lawn or park land. Thus, the surface 
absolute humidity (qo) is a function of the heat of 
evaporation (L) and wet area fraction (Xw)' that is, 

qo = (RH/L)[J(To)] = (Xw/L)[J(To)]. (8) 

Finally, we express the surface energy transfer [from 
(1)] in the form 

pk 2 U2 
(l-o:)(Q + q) + eaT 4 - eaT 4 + ----

sky 0 [In(Z2/Zo)]2 

X lC(T2 -rz2 -To)+L [q2 -(X;)RToJ( 

+ [(Z~;2)J (Tn - To) = O. (9) 

The symbols in equation 9 are of the three types listed 
in Table 1; the notation is summarized in Appendix I. 

It will be noted that substitutions of surface tempera
ture estimates into the equation system will balance the 
energy conservation equation and yield an equilibrium 
surface temperature if a correct estimate is selected by 
some convergence algorithm. In addition, all the com
ponents of the surface energy transfer regime and sub
strate temperatures may be retained as output at that 
iteration. The simulation requires the boundary con
ditions listed in Table 2. A simplified algorithm for the 
numerical iterative process which employs an interval 
halving algorithm keyed to the residual of the energy 
conservation equation is diagramed as Figure 1. 

Modification for Digital Hardware 

The equilibrium temperature model utilized by Myrup 
(1969) was elaborated to produce numerical stability, 
convergence with available field data, and increased flexi
bility by increasing the number of environmental variables 
under consideration. These modifications are detailed 
below. 
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TABLE 1. Symbol Type Listing 

Type 

Fixed level or constant 
Meteorological variables 
Geographical variables 

Symbol 

z1,k, r,p 
(Q + q), Tsky, U1 , q1' T2 
et, E, Zo' To, X w , Zs, Ks 

The radiation climatology generator. The partially em
pirical equations of Brooks (1959), which were recalcu
lated in metric units by Gates (1962), were employed in 
the construction of a solar radiation generator sub-routine. 
This modification permits the model to be modified for 
elevation, station pressure and precipitable water. In ad
dition, it permits exploration of the effects of manipu
lating atmospheric dust content and surface albedo on 
the output functions. This form also has considerable 
flexibility since radiation loads on shadowed areas can 
be estimated. 

The thermal damping elevation in the atmosphere. In 
the Myrup model the atmospheric damping depth was 
set at 300 m to simulate urban conditions. However, it 
appeared to me that this damping depth should increase 
with increasing wind velocity and surface roughness. In 
an attempt to produce this type of response, the atmo
spheric damping depth was estimated by carrying out an 
iterative solution (increasing the damping depth at I-cm 
increments starting at the surface roughness length) on 
two "diffusivity" equations. These equations represent 
a "bulk adiabatic diffusivity" derived from the turbulent 
transfer coefficient used by Myrup (1969) and the equa
tion of Terzaghi (1952) for the estimation of the penetra
tion depth of a 12-hr thermal disturbance (that is, step 
function) in a homogeneous medium. The solution occurs 
at that depth where the declining "bulk" diffusivity is 
smaller than the increasing Terzaghi diffusivity. These re
sults yield elevations much closer to the surface than 
Myrup's (for example, estimates are in the realm of 10-

TABLE 2. Input Data (Boundary Conditions) 
for Simulator 

I. Temporal data Solar elevation (deg) 
Radius vector of sun 

11. Meteorological data Sky radiant temperature (oC) 
Dust content (particles/cm 3

) 

Air temperature (oC) 

Ill. Geographical data 

I V. Problem label 

Wind velocity (cm/sec) 
Air relative humidity (fraction) 
Precipitable water (mm) 
Station pressure (mb) 

Soil volumetric heat capacity (cgs 
units) 

Soil thermal diffusivity (egs units) 
Surface roughness (cm) 
Albedo (fraction) 
Wet fraction 
Shadow fraction 

Alphanumeric problem label 
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Read 

Generate Fo rcing Functi on : 
TIM E(I) =TIME(I)+DTIM 

J 
IS (l EO TO IL) ? > yes ___ c nd 

.~ . . ' 

n o 

J 
SET T(I) b v Int e rva l 
- Halving Algorithm --------, 

j 
ESl'~I=R(I )+5 (I )+11 (I ) + 1.( I) 

~ 
IS (ESl'~t .1 :1) . I) . ) ? - l1 u ----' 

~ 
T 

ERlTE Tl~tJ : ( I ) , SI'~ (J), 

R(I) , S( I ) , II(I) , 1.(I),1'(I) 

Fig. 1. An algorithm for the numerical solution of surface equi· 
librium temperature during a diurnal cycle. SUN, TIME, DTIM, 
I, IL, T , R, S, H, and L represent solar radiation, time, the time 
increment for iteration, the iteration, the last iteration, surface 
temperature , net radiation, soil heat flux , sensible heat flux , and 

the latent heat flux. 

25 m at a wind velocity of 1 m/sec as roughness is in
creased from 2 to 300 cm). The solution structure is 
indicated in equation 10 for d > d': 

d' = k2 Uz/ln(Z/Zo), bulk adiabatic diffusivity I 
d = Z2/12t, thermal diffusivity J 

(10) 

Although this approach is primitive, the response is 
intuitively plausible and the scheme produces a reason
able convergence with the field data for a relatively 
smooth surface where the fixed value of 300 m produces 
considerable model-observation divergence . 

Adjustment of the adiabatic exchange coefficient for 
stability. The adiabatic exchange coefficient was adjust
ed for atmospheric stability using a logarithmic form of 
the Richardson number. The exchange coefficient used 
at each iteration was the product of the adiabatic coeffi
cient and the correction factor (Fleagle and Businger, 
1963), that is, 

correction factor = 11 - a Ri l'h, 

where 
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(g/T)[ (Tz - To )/ln (Z/Zo )] 
Ri = ----------

[ Uz/ln(Z/Zo )] 2 
(11) 

In limited tests the value of a = 32 most suitably simu
lated field data as it lowered the equilibrium surface 
temperature during extreme lapse conditions and raised 
the night minimum temperature. 

Computation of the diurnal damping depth in the soil. 
The soil damping depth was estimated from the soil ther
mal diffusivity using the method of Terzaghi (1952). This 
expression (equation 12) yields results similar to esti
mates using periodic solutions which are discussed in Van 
Wijk and DeVries (1966) although its derivation assumes 
that surface temperature regime is a step function: 

(12) 

Introduction of lag in the soil heat flux. Using an ana
log computer, Myrup introduced thermallag by including 
a finite-difference solution of the Fickian diffusion equa
tion for the soil temperature change midway between the 
surface and the diurnal damping depth. In my simulator 
three additional finite-difference solutions were obtained 
between the mid-depth and the surface. As the computa
tion depth was halved at each step, the soil heat flux was 
computed between the surface and a depth one-sixteenth 
that of diurnal theimal damping. The production of a lag 
effect using digital hardware required that the problem 
be cycled through two diurnal cycles, at 15-min intervals 
(that is, 192 equilibrium temperature solutions per data 
set). The initial soil temperatures were set by linear inter
polation during the first of the 192 iterations (0000 Solar 
Time) by assuming a linear gradient at midnight. There
fore , until the first sunrise, there will be no lag effect 
(aT/az = constant, a2 T/az2 = 0) and the results of the 
second diurnal cycle are retained and printed as they 
contain lag during the pre-dawn hours. 

Variable thermal radiation. Thermal net radiation was 
introduced as a function of surface temperature by con
sidering the sky radiant temperature to be constant dur
ing the period. 

Dewfall and evaporation. The condition that evapora
tion can occur from only the wet fraction of the terrain 
block under consideration whereas dewfall is spatially 
homogeneous is included in the author's program. The 
asymmetry in the spatial distribution of latent heat flow 
was introduced by using the sign of the humidity gradient 
as a trigger. 

Shadows. The radiation generator yields estimates of 
beam, diffuse and back-scattered reflected solar radiation, 
making it possible to correct for the effects of shadow 
in a primitive manner. This modification was introduced 
by estimating the fraction of the terrain block covered 
by shadow (range zero to unity). This shadow ratio was 
also interpreted as acting in the manner of the "view 
factor" for thermal radiation, by limiting the net thermal 
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radiation flux from terrain blocks with a restricted view 
of the colder sky hemisphere (Reifsnyder and Lull, 
1965). 

Efficient iteration. These modifications and digital 
hardware increased the necessity for rapid convergence 
of the iteration algorithm. An iteration algorithm based 
on the interval-halving method described by Beckett and 
Hurt (1967) was employed. The iteration loop is exited 
when the error of the absolute sum of the components of 
surface energy transfer was less than 1 mly/min. In the 
test, data convergence at each hourly interval occurred 
at approximately 12 iteration steps, the entire problem 
requiring approximately 23,000 iterations (4/hr over 48 
hr). The CPU time on the Michigan Terminal System 
(IBM 360/67) for the execution of the object program 
,Ill a single data set is under 13 sec. At the first iteration 
stt!P the radiation temperature of the sky hemisphere 
(l(IW value), and the mean diurnal air temperature plus 
25K (high value) are used as initial estimates. 

Of these modifications the atmospheric damping depth 
all.1 air exchange-coefficient correction for stability are 
absolutely necessary to achieve numerical stability and 
convergence with reality, although the degree of analogy 
with actual atmospheric processes is certainly less than 
perfect. 

The Simulation Process 

The digital computer simulation of surface climate is 
activated by the acquisition of the 16 boundary condi
tions listed in Table 2. The incoming solar radiation is 
then calculated as a function of latitude, precipitable 
water, albedo, station pressure, dust content, orbital 
radius vector and solar declination at 15-min increments 
(Gates, 1962). The soil and atmospheric diurnal damp
ing depths are then calculated. In addition, an adiabatic 
atmospheric exchange coefficient is computed which is 
later adjusted for stability. 

Each of the four components of energy transfer (net 
radiation, soil heat flux, sensible heat flux and latent heat 
flux) is a function of varied combinations of the 16 
boundary conditions in addition to surface temperature. 
An interval-halving process substitutes surface tempera
tures into this system of equations until the residual in 
the sum of the energy exchange c.omponents has an ab
solute value ofless than 1 mly/min. When this condi-
tion exists, the values of the energy exchange compo
nents apd surface temperature are retained for that time 
(iteration). This process is repeated at 15-min intervals (96 
per diurnal cycle). The solution surface temperature is 
called equilibrium surface temperature and is that surface 
temperature which will balance the energy transfer 
equation at a specific time. 

Lag in the surface temperature regime (lagging incom
ing solar radiation) is produced mainly by the solution 
of the Fickian diffusion equation at four substrate soil 
levels between the diurnal damping depth and the surface. 
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The input and output formats are listed in Tables 2 and 
3. 

The boundary conditions listed as geographical are pre
cisely those environmental conditions most liable to 
human manipulation on a large scale. 

Examples of Application 

A generalized simulator can be modified for specific 
environmental problems. Some specific examples follow 
and a typical output set is included as Appendix 11. 

(1) The climatonomy of a needle ice event 
Needle ice is a segregation ice formation near the soil surface, 

the product of night frost conditions. Ice segregation is the 
increase in the water (ice) volume fraction of a soil layer pro
duced by the upward migration of soil water to a freezing 
plane in medium-textured soils. It was necessary to modify 
the general simulator to include the effects of thermally 
driven soil water flow and fusion at a static freezing level 
(Outcalt, 1971a). 

Selective specific results of this experiment in synthetic cli
matology illustrate the power and potential of simulation as 
an analytical strategy. It is known, even with otherwise ideal 
clear nocturnal conditions, that needle growth would not 
occur when the wind velocity, at the study site in Vancouver, 
Canada, approached 2 m/sec. In addition, field observation 
demonstrated that daytime needle ablation was often incom
plete and that some daytime growth appeared to have oc
curred at shaded sites in the study area. An additional output 
function, needle height, was added to the simulator. It was 
discovered that the phase and amplitude of both the surface 
thermal regime and the substrate levels and the time depen
dence of the needle height growth-ablation cycle closely 
matched reality . But more importantly, growth could be 

TABLE 3. Output Data from Simulator 

Problem labels 

Problem boundary con
ditions 

Computed boundary 
conditions 

Location, time, sensitivity testing 
indicator 

The input data listed in Table 2 

Soil damping depth 
Atmospheric damping depth 
Adiabatic heat transfer coefficient 

(later corrected for stability) 

Time-dependent calculations at hourly solar time increments 

Solar radiation 
climatology 

Surface energy transfer 
climatology 

Soil temperature matrix 

Extraterrestrial radiation (mly/ 
minI 

Beam radiation (mly/min) 
Diffuse hemispherical radiation 

(mly/min) 
Back-scattered reflected hemi

spherical radiation (mly/min) 
Total incoming solar-sum of beam 

and hemispherical components 
(I'nly/min) 

Net radiation (mly/min) 
Soil heat flux (mly/min) 
Sensible heat flux (mly/min) 
Latent heat flux (mly/min) 
Surface temperature (OCI 

Soil temperature at four substrate 
levels (oC) 
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terminated by wind velocities approaching 2 m/sec and day
light growth was initiated by shadowing in the simulator_ 
This replication in the model environment of real world con
ditions not specified in the model construction is a powerful 
indication of reliable simulation_ 

(2) The simulation of information in a thermal scan of an 
urban area 

A version of the general simulator was modified for a theo
retical study of the effects of land use on the surface thermal 
regime. The University of Michigan's Willow Run Laboratories 
furnished this author with two thermal maps of an urban-rural 
transect in Ann Arbor acquired at 0200 and 1100 Solar Time 
during a clear weather diurnal cycle on August 5-6, 1970. 
The thermal responses of four land-use types were simulated 
using available meteorological data and "realm estimates" of 
the geographic land-use parameters (Outcalt, 1971b). Ther
mal data were abstracted from the land-use groups on the 
scans. The relative thermal magnitude was ideally matched 
between the scan information and the simulation at both 
1100 and 0200 Solar Time. A plate illustrating the results of 
the thermal simulation is presented as Figure 2_ 

(3) A laboratory demonstration in topoclimatology 
The simulator can be modified to accept topographic slope 

and exposure as input parameters using the theory developed 
by Lee (1963) in his study of mountain watersheds_ It is 
then possible to compute the probable variations in thermal 
response which are the products of topoclimatological con
ditions_ A typical example of these calculation results is pre
sented in Figure 3. 

(4) The probable effects of increasing lake turbidity on the 
thermal regime 

The general model was modified to permit the penetration 
(transmission) of solar radiation in the substrate material. 
This necessitates the inclusion of radiant heating effects in 
the substrate, important in the simulation of water, sea ice 
and cold glacial environments. The effects of "density down
mixing" due to thermally driven density changes and the re
sulting modifications to the thermal gradient in the water case 
were included. It was then possible to simulate the effect of in
creasing turbidity on the thermal regime of a lake with the 
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Fig. 2. Simulated land-use thermal regimes, Ann Arbor, Michi
gan, August 6, 1970: (1) typical farmland; (2) city center; (3) 

new tract subdivision; (4) old residential area. 
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Fig. 3. The simulation of surface thermal regimes at Kluane Lake, 
Yukon Territory, Canada, on a clear summer solstice day. Four 
40° hillslopes dipping north (I), east (2), south (3), and west (4) 

are considered. Note the asymmetry produced by thermallag. 

general environmental characteristics of Lake Tahoe, and 
note that increased turbidity increases the diurnal tempera
ture mean (Fig. 4). 

(5) The probable thermal response contrast between typical 
and ice-cored moraine 

The general simulator assumes that the temperature at the 
diurnal damping depth is the same as the mean air tempera
ture, and the intermediate substrate temperatures, between 
that location and the surface, are computed from fmite
difference forms of the Fickian diffusion equation. However, 
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Fig. 4. The simulated thermal effect of increasing the turbidity 
of a mountain lake at summer solstice for extinction coefficients 

(cm'·): (1) 0.0005; (2) 0.0025; (3) 0.005; (4) 0.01. 
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Fig. 5. The thermal contrast simulation for ice-cored moraine 
under typical summer conditions in the St. Elias Mountains, 
Yukon Territory, Canada. It is assumed that the ice core is at a 
depth of 0.6 m. (1) typical moraine; (2) ice-cored moraine. 

it is a simple matter to tie the calculations to some fixed 
temperature at a fIxed depth and recompute the surface ther
mal regime . In an attempt to estimate the probable thermal 
response of the surface to a melting ice core at depth-in 
contrast to typical morainal material in the Yukon periglacial 
environment where Lougeay (1971) carried out a field study
surface radiation tempera tures were simulated. Some of the 
asymmetry about solar noon in the plot is due to the fact 
that the specifIc simulation site is assumed to dip 160 at 1250 

Typical results are presented in Figures 5 and 6. This type of 
simulated information could be employed in setting the dy
namic range of an airborne thermal scanner, when the 
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Fig. 6. Environmental conditions identical to those of Figure 5 , 
except the depth to the ice core is decreased to 0.2 m. 
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Fig. 7 . The probable thermal response of downtown Ann Arbor 
to varying park area , August 5-6 : (1) no park land; (2) 5% park 

land; (3) 10% park land . 

midrange value is supplied from ground measurement . In a 
search for ice-cored features in rugged terrain, most of the 
scene would lie beyond the useful dynamic range of the 
scanner when employed in the ice-core search mode. These 
features are a significant construction hazard in alpine-peri
glacial environments. 

(6) The thermal response sensitivity of Ann Arbor's central 
business district to park area 

Using the same environmental parameters as those in ex
ample 2 , the park area in Ann Arbor's central business district 
was varied from 0% through 5% to 10%. The results indicate 
a decrease in both the mean diurnal temperature and thermal 
amplitude as the park area is increased (Fig. 7). This type of 
information should eventually make esthetic arguments for 
parkland obsolete! 

Conclusion 

The model at this early stage of evolution demonstrates 
a satisfying degree of convergence with reality at two 
vastly different spatial scales as elaborated in the needle 
ice and urban thermal regime case studies where field in
formation was available in the form of point micromete
orological and areal thermal scan data. 

Further evolution is possible and necessary as there is 
still a region of numerical instability when the model is 
employed over smooth surfaces with an aerodynamic 
roughness length < 1 cm. This effect is traceable to the 
weak physical analogy to lower atmospheric system 
which places a lid on the computational region and does 
not permit gradient evolution as in the substrate treat
ment. However, the results are encouraging as they are 
the product of an extremely primitive algorithm. The 
capacity of this analytical system to investigate environ
mental manipulation effects makes continued develop
mental efforts imperative in the age of ecology. 
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APPENDIXES 

NOT ATION LISTING 

a 
g 
k 
Ri 
T 

empirical constant for stability adjustment 
gravity 
von Karman constant 
Richardson number 
temperature 

t time 
U wind velocity 
Z distance from surface 
Zo roughness length 
d' bulk adiabatic diffusivity 
d thermal diffusivity (Terzaghi) 

Subscripts 

z distance 
o surface 
s soil 

II 
TYPICAL OUTPUT SET 

DONJEK GLACIER MORAINE 
LATITUDE = 61.0 

MEAN DIURNAL AIR TEMP. (C) = 7.0 
SOLAR DECLINATION = 23.1 

AIR SATURATION FRACTION = 0.50 
STATION PRESSURE (MB) = 942. 

AIR WIND VELOCITY (CM/SEC) = 100. 
DUST PARTICLES/CC = 2.0 

SOIL THERMAL DIFFUSIVITY (CGS) = .0050 
ORBITAL RADIUS VECTOR = 1.01600 

SOIL VOL. HEAT CAPACITY (CGS) = 0.520 
ALBEDO = 0.14 

ROUGHNESS LENGTH (CM) = 100. 
PRECIPITABLE WATER (MM) = 20. 

SOIL WET FRACTION = 0.04 
SKY RADIANT TEMP. (C) = -4.0 

SHADOW RATIO = 0.12 

EMISSIVITY = 0.980 
SOIL FIX DEPTH (CM) = O. 

SOIL FIX TEMP. (C) = 0.0 
EXT.COEFF. (I/CM.) = 0.0 

SLOPE (DEG.) = 16. 
EXPOSURE (DEG.) = 125 . 

SOIL DAMPING DEPTH (CM) = 51. 
AIR DAMPING DEPTH (CM) = 1765. 
AIR HEAT TRANSFER COEF. (CGS) = 0.00194 

TIME EX. BEAM DIFF. BACK 
(SUN) TERRA. SCT. 

(ALL MLY./MIN.) 

3.00 54. O. 26. 2. 
4.00 233. 55. 71. 5. 
5.00 441. 109. 91. 9. 
6.00 665. 410. 103. 11. 
7.00 888 . 619 . 111. 13. 
8.00 1097. 807. 116. 14. 
9.00 1276. 953. 119. 14. 

10.00 1413. 1045. 121. 14. 
11.00 1499. 1074. 123. 14. 
12.00 1529. 1039. 123. 13. 
13.00 1499. 945. 123. 12. 
14.00 1413. 800. 121. 11. 
15.00 1276. 620. 119. 10. 
16.00 1097. 242. 116. 8. 
17.00 888. 233. 111. 6. 
18.00 665. 74. 103. 4. 
19.00 441. O. 91. 3. 
20.00 233. O. 71. 3. 
21.00 54. O. 26. 2. 

TOTAl 

28. 
28. 

309. 
524. 
742. 
936. 

1086. 
1181. 
1211. 
1176. 
1080. 
932. 
749. 
547. 
350. 
181. 

94. 
74. 
27. 
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SOLAR SUN RN S H LE T SOIL TEMPERATURE MATRIX 
TIME (C.) DEPTH (CM .) 

(ALL MLY./MIN.) TIME O. 3. 6. 13. 25. 

0.0 O. -55. 61. 5. -10. 7.0 0.0 7.0 8.2 9.3 10.4 9.5 
1.00 O. -54. 54. 10. -9. 6.8 1.00 6.8 7.9 8.8 10.0 9.4 
2.00 O. -53. 48. 15. -9. 6.7 2.00 6.7 7.6 8.5 9.6 9 .2 
3.00 27. -28. 28. 9. -9. 6.9 3.00 6.9 7.4 8.2 9.2 9.1 
4.00 144. 80. -26. -41. -12. 8.6 4.00 8.6 8.1 8.3 9.0 9 .0 
5.00 314. 234. -88. -128. -18 . 11.5 5.00 11.5 9.7 9.0 9.1 8.9 
6.00 498. 400. -140. -234. -25. 14.7 6.00 14.7 11.9 10.3 9.5 9.0 
7.00 673. 556. -177. -345. -34. 17.8 7.00 17.8 14.2 12.0 10.1 9.1 
8.00 823. 689. -197. -447. -44. 20.6 8.00 20.6 16.6 13.8 10.9 9.3 
9.00 935. 788. -203. -531. -53. 22.8 9.00 22.8 18.6 15.5 11.8 9.6 

10.00 1003. 847 . -196. -591. -60. 24.2 10.00 24.2 20.3 17.0 12.8 9.9 
11.00 1023. 862. -177. -621. -64. 25 .0 11.00 25.0 21.4 18.2 13.7 10.2 
12.00 995. 834. -149. -622 . -64. 25.0 12.00 25.0 22.0 19.1 14.5 10.5 
13.00 923. 767. -112. -593. -61. 24.3 13.00 24.3 22.0 19.5 15.2 10.8 
14.00 815. 667. -72 . -540. -54. 23.0 14.00 23.0 21.5 19.6 15.6 11.1 
15.00 679. 543. -29. -467. -46. 21.1 15.00 21.1 20.5 19.2 15.9 11.3 
16.00 528. 405. 13. -380. -38. 18.8 16.00 18.8 19.1 18.4 15.8 11.4 
17.00 376. 268. 51. -290. -30. 16.3 17.00 16.3 17.4 17.3 15.6 11.5 
18.00 238. 145. 82. -203. -23. 13.8 18.00 13.8 15.5 16.0 15.1 11.4 
19.00 151. 69. 88. -139. -18. 11.8 19.00 11.8 13.6 14.6 14.5 11.4 
20.00 100. 26. 89. -98 . -16. 10.5 20.00 10.5 12.3 13.4 13.9 11.2 
21.00 27. -39. 103. -51. -13. 8.9 21.00 8.9 11.0 12.3 13.2 11.1 
22.00 O. -60. 93. -21. -11. 7.9 22.00 7.9 9.8 11.2 12.5 10.9 
23.00 O. -58. 78. -10. -10. 7.5 23.00 7.5 9.1 10.4 11.8 10.7 
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The Effects of Forest-Fire Smoke on Insolation 
In the St. Elias Mountains 

William G. Benjey * 

ABSTRACT. Forest-fire smoke in the St. Elias Mountains severely reduced insolation during June 1969. The 
effects on insolation are found to be relatively more severe at a higher elevation than at a lower one. The 
shape of actinograph traces illustrates the uniform opacity of the smoke to insolation. 

The presence of pollutants in the atmosphere alters the 
radiation budget and thus the climate of the affected 
area_ Investigations of pollution have most currently 
centered on urban areas. However, atmospheric pollution 
is certainly present in less populated areas. An example 
of the latter condition was observed in the St. Elias 
Mountains during the summer of 1969. 

During that period, four IRRP research stations re
corded regular three-hourly climatic observations as well 
as continuous actinograph records of incoming short
wave radiation. The stations (Plate 1) 1 were Chitistone 
Pass (1774 m), Divide (2652 m), Logan (5360 m), and 
Kluane Lake (786 m). 

Moist maritime depressions from the Aleutian low in 
the Gulf of Alaska dominate the summer circulation 
over the area (Taylor-Barge, 1969; Kolberg, pp. 133-142 
of this volume). The St. Elias Mountains form an effec
tive orographic barrier to these moist systems. Their 
impact is shown in the contrast between the maritime 
climate of Yakutat, Alaska and the relatively dry conti
nental regime of Whitehorse, Yukon. 

Despite the usual dominance of low-pressure systems, 
the period of June 5 through 30, 1969 was characterized 
by the presence of a high-pressure center over the 

*Department of Geography, University of Michigan, Ann Arbor 
I Plate 1 is a map inside the back cover of this volume. 

mountains. Cloudless skies, scant precipitation, northerly 
winds, and record high temperatures in the southwestern 
Yukon were generally observed (Benjey, 1970). The dry 
spell promoted several large forest fIres. Some of the 
largest fIres were located just north of Beaver Creek on 
the Alaska-Yukon border, from 100 to 200 km north of 
the IRRP stations. 

During the period June 26 through 30, 1969 the com
bined smoke from these fIres fIrst reached the stations and 
limited local visibilities to less than 1.5 km; in some in
stances, visibility was less than 400 m. Insolation mea
surements were dramatically affected at all stations ex
cept Logan. Reports from the project aircraft and Logan 
Station placed the top of the smoke pall at about 5000 
m. Logan Station, slightly above the smoke, recorded ab
solutely cloudless skies and received almost 100% of the 
theoretical insolation for latitude 61°N during the period. 
Hence, clouds did not complicate observations of insola
tion through the smoke pall. 

The elevational differences between stations allowed 
vertical examination of the effect of the smoke. Several 
observations and conclusions can be made by examining 
daily insolation records for the period June 26 through 
30 (Fig. 1 and Table 1): 

(1) Mean daily insolation increased with elevation for all 
years of record, including the period when forest-fire smoke 
formed a pall overhead. This is an expected result of decreas
ing optical air mass with elevation. 
(2) A combination of topographic and synoptic conditions 
may locally disrupt the expected insolation-altitude relation-

TABLE 1. Insolation (Langleys per Day) for the Period June 26-30 

Extremes 
Daily mean June 

Elevation 26-30 
Station 

(m) 
Range 

maximum minimum Prior to 
1969 

1969 

Kluane 786 758.4 270.0 488.4 548.7 377 .3 
Chitistone 1774 691 .1 428.4 262.2 539.9 406.1 
Divide 2652 960.0 722.7 237.3 811.1 553.0 
Logan 5360 (a) (a) (a) (a) 959.4(b) 

(a) Logan was above the smoke. No data before 1969 are available for June 26-30. 
(b) For July 29 and 30, only. 
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Difference 
in means 

171 .4 
133.8 
258.1 

(a) 
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Fig. 1. Daily insolation for years of record . 

ship-especially within the lower 1.5 km of the atmosphere. 
This point is illustrated by the fact that insolation values at 
Chitistone Pass are less than those at Kluane Lake, which is 
1000 m lower. This is because the Chitistone Pass location 
receives considerable cloudy , maritime weather compound
ed by orographic effects, whereas the Kluane Lake station 
is a relatively dry, continental site (Marcus, Ford, and WiIl
ingham, 1968; Kolberg and Brazel, 1969). Consequently , 
although the smoke significantly reduced insolation to val
ues below the average at all stations for the five-<iay period, 
the difference was least evident at Chitistone (Table 1) 
where average insolation is normally reduced by heavy 
cloud-cover. 
(3) Smoke caused the greatest absolute reduction of in so· 

. lation at the lower elevations (Table 1, Fig. 1). However, 

the attenuation of insolation was relatively greater at higher 
elevations. The daily mean insolation at Divide Station from 
June 26 through 30, 1969 was 258.1 langleys per day less 
than the mean for the same period in previous years. This 
compares to a difference of 171.4 langleys per day at Kluane 
and 133.8 langleys per day at Chitistone. This effect is illus
trated in Figure 1. Although cloud cover causes occasional 
reduction of insolation, cloudy weather is not characterized 
by the continuing low values associated with the smoke 
cover (Figs. la, b). 

The explanation is that reduced cloud cover and less 
optical air mass at Divide allow a much higher mean in

solation than at lower elevations. Consequently, despite 
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Fig. 2. Comparable actinogra ph traces for the period June 15 to July 8, 1969; (a) clear, (b) cloud y, (c) smoky. 

thinning of both the atmosphere and the smoke pall with 
elevation, smoke may have a proportionally more severe 
effect on energy budgets at high altitudes than it does in 
low regions; that is, the smoke is a more uniform barrier 
to insolation than are clouds. At lower elevations-as the 
clouds become thicker and more frequent-there is less 
difference between cloud and smoke effects. 

The uniformity 0 f the opacity of smoke cover is shown 
by the shape of the actinograph traces (Fig. 2). Examples 
from each station illustrate the distinct contrast between 
clear, smoky, and cloudy atmospheric conditions. In each 
case curve a represents clear-weather insolation, and curve 
c represents reduced insolation measured through the 
smoke pall. Clouds may reduce total daily insolation the 
same amount as does smoke; however, the resulting in
solation curve b is very irregular, due to the effects of 
individual clouds through the day. 

In conclusion, these observations provide not only 
another example of the effects of atmospheric pollutants 
upon the environment, but also show that the pollution 
affects insolation to a proportionally greater degree with 
increasing altitude. 
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Baric Map-Patterns and Mountain Weather 
St. Elias Mountains, Yukon and Alaska 

D. W. Kolberg* 

ABSTRACT. An analysis of baric map-patterns and the association of these patterns with the occurrence of 
specific weather conditions at three mountain sites is presented. Using sea-level pressure values (daily average) 
for twenty stations located over the study area, the daily baric values are correlated statistically, one to 
another, over the study period of six summers. This procedure generated a 552 X 552 matrix of correlation 
coefficients for all baric patterns. Those patterns which occurred most frequently and with the highest coef
ficients are designated as dominant pattern types. Three pattern types are prese nted and evaluated in relation 
to the frequency of weather types found at each mountain site. 

The analysis of the baric map-pattern types indicates that cyclonic systems that move into or originate in 
the Gulf of Alaska do not move directly onto and across the coastal and interior mountain systems. The 
major track of cyclonic cells is through central Alaska; the coastal mountains to the south are affected to a 
greater degree by trailing surface fronts and weak occlusions. The association between poor weather con
ditions and baric map-patterns indicates that Divide Station (high alpine site) and Kluane Base Camp (interior 
highland site) are the least affected by Gulf cyclones; the weather at these sites is largely influenced by local 
controls. 

INTRODUCTION 

Climatological research is usually carried ou t at one of 
three scales. Microclimatic studies are directed toward 
short-term atmospheric processes that take place over 
relatively small areas close to the earth's surface. Ex
amples of this type of study are concerned with energy 
balance, evaporation, radiative flux, and thermal-mechani
cal turbulence. At the other extreme, macroclimatic 
studies focus on long-term atmospheric processes that are 
revealed in wind, pressure, and temperature patterns that 
range from those depicted on weather maps to broad
scale, hemispherical, and global patterns. Mesoclimatic 
studies are intermediate in scale, and although it is diffi
cult to place finite limits on this scale, it is considered 
local and encompasses those atmospheric processes that 
are governed by diurnal forces. Examples are the land 
and sea breeze, mountain and valley wind, and katabatic 
flow. 

Another intermediate time-space scale that has been 
recognized is the "synoptic scale" (Godske, 1966). As 
shown in Figure 1, the synoptic scale is considered as a 
linking scale between sub macro- and meso-meteorologi
cal processes. Mesoscale and micrbscale atmospheric 
processes account for a larger proportion of "weather" 
in an alpine environment. However, synoptic-scale ac
tivity-the formation and progression of cyclones, 
anticyclones, fronts, and related weather sectors-are still 
responsible for the more intense, protracted weather 
periods. The occurrence of synoptic-scale weather periods 

*Department of Geography, Georgia State University, Atlanta 
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and their spatial variation is most difficult to determine 
due to the lack of data across the mountain system and 
because little is understood about the distortions that 
synoptic systems undergo when crossing a large orograph
ic barrier or obstruction. 

Even though the baric delineation of synoptic activity 
is a reasonably easy task (except when the lack of data 
requires extreme interpolation), the spatial and temporal 
ordering of synoptic information as required for climato
logical study is difficult. The classification of spatial in
formation from the most detailed source, the synoptic 
chart, is a laborious and time-consuming task and the 
final results usually carry within them considerable sub
jectivity. On the other hand, any attempt to use the 
mean or average charts introduces excessive generalization 

"",m"" ) 

MICRO" 

L-____ L-______ --'_-'-? TIM! 
.. c. mln, tr. day moo yr. 30rr. 

Fig. 1. Time-space scale in meteorological and climatological re
search (after Godske, 1966). 
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whereby little or no connection can be established be
tween baric patterns and weather periods. 

This study has taken advantage of a spatial-temporal 
procedure within these two extremes to statistically clas
sify baric patterns. Therefore, the basic hypothesis under
lying the study is that a more objective delineation of 
persistent, recurring, synoptic-scale patterns is possible 
and fUrthermore, that the association of these pattems 
with the short-term climatic record of remote alpine sites 
will furnish a partial explanation of the synoptic climate 
of the St. Elias Mountain system. Within a mountain 
region, such as the St. Elias, routine synoptic observa
tions are available only from sites located at lower eleva
tions adjacent to the mountain mass. Due to the paucity 
of synoptic data, 'this study has placed primary emphasis 
on the connection between baric patterns and the occur
rence of distinguishably different weather periods within 
and across the mountain system. 

THE STUDY AREA 

This study deals with the prevailing summer synoptic 
climate of the northeast Pacific Ocean, the coastal moun
tain systems, and the interior plateau of Alaska and the 
Yukon (Plate 1).1 In this general area-from S8°N to 
62°N and 13S

o
W to 144°W-a progression of atmospher

ic disturbances and associated air masses moves from the 
Gulf of Alaska across the high coastal mountains and in
to the continental interior. The mountajn mass is a bar
rier responsible to a marked degree for the distortion and 
modification of these weather systems and the resulting 
spatial variation of the climate. 

In order to make an assessment of the effect of the 
mountain barrier on air-mass systems and climate, this 
study specifically focuses on a climatological transect in 
which there are three observational stations, each repre
senting a distinct climatic region . The general study area 
can be divided into three distinct regions; the ocean and 
narrow littoral, the mountain divide, and the interior 
plateau. Each possesses distinguishing physical charac
teristics that play a significant role in the local and region
al climate of the study area. Yakutat, Alaska (S9°31'N, 
139° 40'W) is at the western end of the transect and is 
considered representative of the Pacific coast region. 
Divide Station, Yukon (60° 45'N, 139° 40'W) is the cen
tral station in the transect and is representative of the 
high snow-field zone of the St. Elias Mountains. It is lo
cated at 2652 m above mean sea level. Kluane Lake, Yu
kon (61°0iN, 138°25'W) is located at the eastern end 
of the transect and is representative of the interior plateau 
region at 787 m (Fig. 2). Yakutat Station is operated by 
the National Weather Service, United States Department 
of Commerce; Divide Station and Kluane Lake Station 

I Plate 1 is a map inside the back cover of this volume. 
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Fig. 2. Locations of twenty weather stations used in correlation 
analysis. 

were operated by the Arctic Institute of North 
America's Icefield Ranges Research Project (Wood, 1963; 
Havens and Saarela, 1964). 

PROCEDURE 

The classification of synoptic weather maps by visual 
methods is usually a highly subjective procedure, except 
in certain favored areas where considerable data are avail
able. Even in these few areas where classification is some
what easier and more direct, however, the association of 
fronts and weather patterns to the baric field remains a 
difficult problem. 

In order to circumvent some of these problems this 
study has employed a procedure whereby daily surface 
pressure patterns are classified by statistical correlation. 
This procedure, first applied by Lund (1963) to isolate 
baric patterns in the northeastern United States (Chorley 
and Haggett, 1967; Stringer, 1972), is a variation of map
pattern recognition by statistical methods and "analogue" 
classifying and is not new from a methodological stand
point (Hare, 1955). However, the application by Lund 
does represent recent advancements in storage and data 
handling capabilities of modern electronic computers. 

Lund (1963, p. 56) refers to his procedure as map
pattern classification by statistical methods and states 
that his study "was designed to explore the possibilities 
of applying simple linear correlation methods to the 
problem of identifying recurring map-pattern configura
tions." The method is carried out by accomplishing the 
following: 

(1) Correlating the sea-level pressure on each map of a large 
sample of winter days with corresponding pressures on all the 
other maps in the sample 
(2) Selecting the map which has the most correlation coeffi. 
cients of 0.70 or higher and designate it as Type A 
(3) Removing all of the Type A cases, maps well correlated 
(0.70) with Type A, and selecting from the remaining maps 
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the one with the most correlation coefficients of 0.70 or 
higher and designate it Type B 
(4) Removing all of the Type A and Type B cases and select
ing Type C as explained above 
(5) Repeating the above process until only a few cases with 
correlation of 0.70 or higher remain. 

The correlation data used in Lund's study included the 
1230 EST sea-level pressure values as recorded at twenty
two stations throughout the northeast United States. 
These pressure values covered a five-year period from 
1949 through 1953 and included winter-season data 
(December through March). A total of 445 days were 
randomly selected out of the five-year period and the 
twenty-two sea-level pressure values (millibars) that were 
recorded on the first day in the sample were correlated 
with the twenty-two values for each day in the sample. 
The correlation matrix (445 X 445) which resulted from 
this procedure was then used to determine those patterns 
which occurred most frequently. Lund isolated a total of 
ten basic baric patterns and each of these was found to 
be associated with specific synoptic weather conditions 
at Boston, Massachusetts. In most instances, certain baric 
patterns correlated quite well to the occurrence of pre
cipitation (both snow and rain) and to the amount of 
sunshine (Lund, 1963, p. 65). 

Lund summarizes the results of this study as follows: 
The map types determined by this simple correlation pro

cedure reveal the most common map patterns observed over 
a given geographical area. By properly specifying the size of 
the geographical area, location of the observation sites, and 
the value of the correlation coefficient, the maximum allow
able difference between maps within each type can be con
trolled. Since the map types are based on pressure values 
only, they are not intended for use in forecasting future pres
sure distributions unless other information (for example, 
pressure tendencies) is also included. The types will be most 
useful for identifying reappearing map patterns and stratify
ing situations for further study. 

A variation in the Lund procedure was adopted in 
order to isolate the persistent baric patterns of the study 
area, and to relate these patterns to the summer climate 
of the St. Elias Mountain system. A total of twenty sta
tions, all located in the Yukon and Alaska, were selected 
for the interpolation grid and map-pattern analysis (see 
Fig. 2). Pressure values were required for the correlation 
analysis and since these values were available only from 
first order stations, the choice of stations was limited. 
Even so, the spacing between stations is generally regular 
and nearly all are located at elevations lower than the 
main study area (Table 1). 

A data set of mean daily sea-level pressure values for 
each station was compiled for the six summer periods 
from 1963 through 1968. The decision to use daily mean 
pressure values is a departure from the Lund procedure 
and was based on the premise that isolated pressure 
changes would be less likely to affect the overall correla
tion procedure. This data set included the pressure values 
for the twenty stations for a 552-day period. Beginning 
with the first day in the data set, June 1, 1963, the 
twenty pressure values were correlated with the twenty 
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pressure values for every other day (on a consecutive 
basis) to the last day, number 552 (August 31,1968). 
Day 1 was deleted and the pressure values for day 2 were 
correlated with the pressure values for the remaining days. 
This procedure was followed for each day until the over
all correlation was completed. 

The correlation procedure used in the present study is 
somewhat different from that used by Lund (1963). 
Lund used specific days that were randomly selected over 
the study period while this study has incorporated all 
days within the study period. Also, in the Lund study, 
numerous days were omitted in order to avoid persistent 
patterns that might have a tendency to bias the correla
tion. This present study has included all days in sequential 
order with the express purpose of determining whether 
specific map patterns have a tendency to recur each sum
mer and if specific patterns tend toward persistence. The 
correlation procedure produced a matrix of coefficients 
which was used in the final classification of map-pattern 
types. This matrix is shown in Table 2. 

CLASSIFICATION OF BARIC PATTERNS 

The classification of baric patterns was carried out in 
the following manner. All patterns were separated into 
three categories based on level of correlation coefficient. 
These levels are: 0.7000 to 0.7999; 0.8000 to 0.8999; 
and 0.9000 to 1.000. Preliminary examination showed 
that the 0.8000 and the 0.9000 correlation levels pro
duced a relatively small number of map-pattern associa
tions; therefore the decision was made to also include 
~hose patterns delimited by the 0.7 level. For example, 

TABLE 1. Elevations and Locations of Stations 
in Network 

Station Elevation- Location 
(ft) (m) (N) (W) 

Anchorage, Alaska 132 40 61 0 10' 1500 01 
Annettee, Alaska 110 33 55 02 131 34 
Barrow, Alaska 13 4 71 18 156 47 
Barter Island, Alaska 50 15 70 08 143 38 
Bethel, Alaska 150 46 60 47 161 48 
Cold Bay, Alaska 103 32 55 12 162 43 
Fairbanks, Alaska 454 138 64 49 147 52 
Juneau, Alaska 24 7 58 22 134 35 
King Salmon, Alaska 49 15 58 41 156 39 
Kotzebue, Alaska 16 5 66 52 162 38 
McGrath, Alaska 338 103 62 58 155 37 
Nome, Alaska 22 7 64 30 165 26 
Yakutat, Alaska 31 9 59 31 139 40 
Dawson, Yukon 1,062 323 6404 139 26 
Dease Lake, British 

Columbia 2,678 816 58 25 130 00 
I nuvik, Northwest 
Territories 200 61 68 18 133 29 

Mayo Landing, Yukon 1,625 495 63 36 135 53 
Norman Wells, NWT 209 64 65 17 126 48 
Watson Lake, Yukon 2,248 685 60 07 128 49 
Whitehorse, Yukon 2,289 698 60 43 135 04 

-Mean sea level . 
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TABLE 2. Matrix of Baric Map-Pattern Types 

1963 1964 1965 1966 1967 1968 
J J A J J A J J A J J A J J A J J A 

1 A B A A B B C A B D A 
2 A B A A B B A A D A C A 
3 A B B A A C A B B A C A D C A C D 
4 B B A A A A D A D C A C A C A D 
5 B B A A A C B B C B A B A A C A D 
6 C C B D A C C C D A A C 
7 A C B A C A A A A A C C A 
8 A B A A A A C A A B A A A A C 
9 B A A A A A A B C D A A A 

10 A C A A A B A C C A A A 
11 A A A A C A A C D D A A 
12 A A C A A A A B C A D A 
13 C C A A A B A B C A C A A 
14 C C B A A A B C A B A 
15 C B B A A A B B A A A B A C B A 
16 C B B C A A B B A A A B B A B A 
17 C B B A A B B B A B A B B A C 
18 B A A B A C B D A C 
19 D A B A D A B A A D A 
20 A B B A D C D A A A 
21 A A B A C C D B A A A 
22 A A B B A C D D B D D 
23 B A B A C D B C A D A 
24 B B A A B C A D A A A A 
25 B B A D C B C D A A A D 
26 A D A C D D A A A D A 
27 A C D A A C 
28 C C C C A A D 
29 D B C C A B A A A A A 
30 B C C B C A C A C A A A B A 
31 B A B C A A A A 

the first day in the data set, June 1, 1963, correlated Some degree of intercorrelation between pattern Types 
with other days a total of 190 times at the three levels A, B, and C occurred using this procedure. That is, with-
mentioned above. However, the range in 'number of cor- in the three primary pattern types a specific pattern was 
relations at each level was considerable: 13 at the 0.9 found to correlate at the 0 .7 level in two categories. This 
level ; 86 at the 0.8 level; and 91 at the 0.7 level. problem occurred most frequently at the 0.7 and 0.8 

Three major baric map-patterns were isolated on the 
levels. In order to facilitate the final classification proce-

basis of the number of occurrences at the 0.7 level. The 
dure, these specific map patterns were prepared for visual 

most prevalent map pattern, Type A, is represented by 
analysis by a computer mapping routine. After analysis 
and subsequent assignment to a category, the overall fre-

days 1, 125, and 477. These three days were highly cor-
quency of occurrence of each pattern type was found to 

related with each other at the 0.9 level (0.93, 0.94, and 
change somewhat. The final classification based on fre-

0.92) and had the greatest number of other significant 
quency of occurrence of pattern type is given in Table 3. 

correlations at the 0.7 level or higher. Therefore, one 
The correlation procedure accounted for 68.4% of the 

single day could not be selected as the most representa-
daily baric patterns. The remaining 31.6% cannot be as-

tive in terms of the baric pattern. The second pattern, 
sociated with any particular pattern. 

Type B, was limited to one day , number 54, and the 
third, Type C, is representative of the pattern of day Baric Pattern: Type A 
242. The map pattern for each type is shown in Figure 
3; T able 2 lists the observed occurrences of each type. This pattern is the most prevalent as well as the most 
Two additional categories were used to complete the clas- intense of the three major patterns (Fig. 3). It is charac-
sification procedure. Type D was assigned to include all terized by an intense low pressure cell over central Alas-
map patterns that had a 0.7 coefficient or higher, but ka. This cell is closed but also is part of a trough that ex-
were found to occur infrequently, usually on less than tends from the west (Bering Sea) toward the northeast 
ten occasions. The last category includes all other map Yukon. High pressure is evident in the ridge that lies over 
patterns with coefficients less than 0.7. Throughout the the Alaskan panhandle and the eastern Yukon. This pat-
entire period, there were few negative correlations. tern type is generally the strongest of the three. The most 
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Fig. 3. Baric map-pattern Types A, B, and C, as determined by 
correlation analysis. 
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pronounced pressure gradient is located in the area of 

the Coast Mountains and the southwest Yukon. 

Type A is the most persistent once it has formed. As 
shown in Table 4, over the six-year period of the study 
this map pattern occurred no less than 18 times each sea
son and as many as 42 times. Most seasons show 25 to 
30 occurrences. In nearly all cases this pattern exists for 
a minimum of two days (48-hour period) and often up 
to seven and eight days. The longest period of continuity 
for this pattern type was in June 1964, and lasted for 
eight continuous days (Table 2). 

As stated previously, this pattern type shows the great
est number of high correlation coefficients. An interest
ing observation is that the correlation tends to build 
from lower to higher coefficients and then to fall rapidly 
to a lower value. 

An intraseasonal variation in the occurrence of Type A 
is also noticeable. The number of occurrences in June is 
close to twelve (Table 4). During July, the number di
minishes from the June level at about the same rate each 
year. In August, the number increases to the June level 
in four of the six summers. 

Baric Pattern: Type B 

This pattern type, the second most prevalent, shows a 
strong, dominant, high pressure ridge over the south-cen
tral part of Alaska and nearly all of the Yukon (Fig. 3). 
A much weaker low pressure cell is present farther to the 
north over Alaska. The pattern type does not include the 
elongated low pressure trough that was present in Type 
A. A strong pressure gradient is evident over the south
central part of Alaska. 

Baric pattern Type B occurred 81 times during the six 
summers. This accounts for 15% of the the observation pe
riod. This pattern type occurred only twice during the 
month of June (Table 4) with the exception of the 1963 
season when the pattern type occurred five times. During 
July, the occurrence of the pattern triples in most years 
and then generally drops to the June level during August. 

Pattern Type B is also much less predictable than Pat
tern Type A, based on the information given in Table 2. 
There appears to be little stability in its recurrence; how
ever, there is some tendency for Type B to follow Type 
A. This pattern generally lasts for one or two days; the 
period of longest continuity was August 1-9, 1963. 

Baric Pattern: Type C 

Pattern Type C is similar to Type A. A low pressure cell 
is located over central Alaska and a ridge of high pressure 
is present in the southeast part of the study area, over the 
Gulf of Alaska and the southwest Yukon. An important 
difference is noticeable, however. In Type C, the low pres
sure cell located over Alaska is part of a much more high
ly developed trough extending from the northeast to the 
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TABLE 3. Baric·Pattern Types and Respective Number 
of Correlated Patterns 

Number of 
Pattern type correlations Final total Percent 

0.7 0.8 0.9 

A 91 86 13 188 34.0 
B 56 40 17 81 14.7 
C 73 30 3 72 13.0 
D 37 6.7 

Open category 174 31 .5 

southwest. Another low is situated to the northeast in 
this trough. Pattern Type C is the least intense of the 
three types, with all pressure values remaining high. 
There is little evidence of a strong pressure gradient any
where within the pattern. 

Of the three pattern types, Type C is the most tem
porally dispersed. Inmost cases the pattern type occurs 
singularly and it is only occasionally that it persists for 
more than four or five days. 

Baric Pattern: Type D 

This pattern type does not represent a correlation type . 
It is a set of individual patterns that were correlated only 
a few times with all other days. Each pattern type within 
this class occurs infrequently. The entire class accounts 
for 6.6% of the total data set. 

Low Level Correlations 

The final set of pattern types are those that do not 
have any significant correlation with other patterns. The 
correlation coefficients in this group are all less than 0.7. 
This class is indicated in Table 2 by a dash symbol; it ac
counts for 31.5% of the data. 

The three baric map-patterns (Types A, B, and C) de
limited by the correlation procedure do not compare 
favorably with the monthly average sea-level maps shown 
in Figure 4. The most notable difference between the 
patterns on the two sets of maps is the absence on the 
average sea-level maps of the low-pressure cell which is 
a major feature of each of the correlation maps. There 

TABLE 4. Seasonal and Monthly Occurrence of Baric 
Map-Pattern Types A, B, and C 

Pattern Month 
Number of occurrences 

Total 
type 1963 1964 1965 1966 1967 1968 

A June 12 17 13 12 12 12 78 
July 3 10 5 4 6 10 38 
August 3 15 6 16 15 17 72 

B June 5 2 2 2 2 0 13 
July 7 3 7 6 8 2 33 
August 16 4 11 2 2 0 35 

C June 6 1 9 3 7 5 31 
July 5 2 8 9 0 7 31 
August 2 3 2 1 1 1 10 
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does seem to be some evidence of this cell during June 
and August on the average maps, though it is displaced 
to the west and is not shown as a closed cell. Another dif· 
ference between the two sets of maps is that the correla· 
tion set has higher pressure values than the average maps. 
The major similarity between the two map sets is the 
strength and position of the high pressure in the south
east over the Gulf of Alaska, the Alaskan panhandle, and 
the Yukon. The variation in the two sets of map patterns 
seems to indicate that summer synoptic activity is less 
pronounced over the St. Elias Mountain system than is 
reflected in the average maps. 

SYNOPTIC ANALYSIS 

In order to establish a basic connection between the 
correlated baric patterns and synoptic conditions at each 
of the three transect stations, average daily weather con
ditions were analyzed in relation to the occurrence of 
specific baric patterns (Kolberg, 1973). Elements used in 
this analysis were temperature, humidity, cloudiness, 
prevailing wind direction, wind speed, and precipitation. 
This tabulation was done at two levels: (1) single weather 
element, and (2) combination of weather elements. 

Relation of Baric Patterns to Single Elements 

To determine whether there is a connection between 
baric patterns A, B, and C, four single elemen ts were se
lected for analysis: cloudiness, precipitation, wind di
rection and wind speed. Temperature and relative hu
midity were not used in the analysis. The association of 
the baric-pattern type and the single weather element is 
based on the frequency of occurrence. 
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Yakutat, Alaska (Pacific Region). The frequency of 
occurrence of each weather element in relation to a 
specific baric pattern is given in Table 5. As shown, no 
single baric pattern is dominant in the occurrence of a 
single weather element. This is not unexpected, however, 
when one considers the wide range of synoptic patterns 
that are weather producing at this location. Types A and 
B are associated with overcast sky conditions only slight
ly more than is Type C. Wind direction and speed follow 
this same tendency. Precipitation occurrence shows the 
highest degree of association with pattern Type A. 

Divide Station, Yukon (High Alpine Region). The as
sociation of baric-pattern types and a single weather ele
ment is somewhat clearer at this station (Table 6). The 
frequency of various sky conditions appears to follow a 
specific baric pattern. Type B accounts for the largest 
number of overcast days (46%). Intermediate conditions 
are indicated by the values shown for Types A and C, al
though Type C is more closely associated with the occur
rence of clear skies (15.5%). The occurrence of precipita
tion is associated most clearly with pattern Type B. Type 
A is next, with a relatively high frequency of occurrence 
(37.3%). Pattern Type C accounts for the greatest num
ber of days without precipitation (80%); this association 
can be explained by the position of the ridge of high 
pressure over the mountain system (Fig. 4). Wind direc
tion at Divide Station varies somewhat with baric-pat
tern type. Type A is more closely associated with dis
persed wind direction, that is, no one dominant wind direc
tion. Type B stands out with a relatively strong associa
tion with a west wind (47.6%). This wind direction is 
possibly due to the flattening of the high pressure ridge 
positioned across the mountain system. There is no 

TABLE 5. Frequency of Occurrence (in Percent) of Selected 
Weather Elements with Pattern Types at Yakutat, Alaska 

Cloudiness 

Pattern type Tenths of sky dome 
0-2 3-5 6~ 9-10 

A 
B 
C 

1.0 1.9 
0.0 3.0 
3.0 4.4 

Precipitation 
Pattern type With 

A 90.3 
B 81.5 
C 68.8 

Wind Direction 
Pattern type N NE 

A 2 0 
B 0 3 
C 3 0 

Wind Velocity 
Pattern type Under 5 

A 20 
B 12 
C 28 

E 

21 
9 

13 

13.0 83.1 
12.3 84.6 
14.9 76.1 

Without 

11.0 
16.9 
37.3 

SE S 

37 5 
31 12 
22 9 

5-10 10-15 

68 8 
74 14 
73 5 

SW W NW Variable 

9 16 10 0 
15 18 12 0 
13 21 18 0 

Greater than 15 (mph) 

2 
0 
0 
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TABLE 6. Frequency of Occurrence (in Percent) of Selected 
Weather Elements with Pattern Types at 

Divide Station, Yukon 

Cloudiness 

Pattern type 
Tenths of sky dome 

0-2 3-5 6-8 9-10 

A 3.6 28.2 34.6 33.6 
B 0.0 15.8 30.1 46.0 
C 15.5 33.3 35.5 15.5 

Precipita tion 
Pattern type With Without 

A 37 .3 60.9 
B 46.0 50.8 
C 17.8 80.0 

Wind Direction 
Pattern type N NE E SE S SW W NW Variable 

A 0 3 16 16 18 15 19 0 8 
B 0 8 6 3 16 13 48 0 2 
C 0 7 18 7 4 7 22 0 11 

Wi"d Speed 
Pattern ty pe Calm Under 5 5-10 10-15 Over 15 (mph) 

A 3 30 47 17 0 
B 3 18 56 19 0 
C 11 40 40 9 0 

TABLE 7. Frequency of Occurrence (in Percent) of Selected 
Weather Elements with Pattern Types at 

Kluane Base Camp, Yukon 

Cloudiness 

Pattern type 

A 
B 
C 

Tenths of sky dome 
0-2 3-5 6-8 9-10 

7.1 32 .9 45.7 14.3 
10.0 36.7 40.0 13.3 
5.5 43.6 41 .8 7.3 

Precipitation 
Pattern type With Without 

A 75.7 24.3 
B 88.3 11.7 
C 70.9 27 .3 

Wind Direction 
Pattern type N NE E SE S 

A 2 6 4 1 1 
B 3 2 2 3 1 
C 0 2 2 2 0 

Wind Speed 
Pattern ty pe Calm Under 5 5-10 

A 4 26 66 
B 5 37 55 
C 6 47 53 

SW W 

36 9 
45 17 
44 11 

10-15 

4 
3 
2 

NW Variable 

6 30 
2 20 
6 26 

Over 15 (mph) 

0 
0 
0 

D. W. KOLBERG 
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connection between baric pattern and wind speed at 
Divide Station (for a discussion of circulation models 
at this site , see Benjey , 1969). 

Kluane Base Camp (Continental Highland Region). No 
definitive connection can be established between the 
baric-pattern types and the individual weather elements 
at Kluane Base Camp (Table 7) . Cloudiness, wind direc
tion , wind speed, and precipitation are the same for all 
baric patterns. The non-occurrence of precipitation is one 
exception. Baric-pattern Type B is associated with a larg
er percentage of days with precipitation than are the 
other two patterns. A partial explanation for the lack of 
connection between baric pattern and weather element is 
the presence of the mountain system. The pressure pat
tern to the east of the mountain system does not undergo 
the pronounced change that is found to the west of the 
mountain system, over the ocean. 

Relation of Baric Patterns to Combinations of 
Elements 

This portion of the study is concerned with the degree 
of association between the baric patterns and the occur
rence of "poor" weather. In the context of this study, 
poor weather is defined as cyclonic and is characterized 
as follows: overcast sky, precipitation, small daily tem
perature range, high relative humidity (greater than 90%), 
and moderately high wind speeds (greater than 10 mph). 
Cyclonic days were isolated using the above criteria for 
each transect station and then tabulated against the baric
pattern type. The frequency of occurrence of cyclonic 
weather and pattern type varies considerably at each of 
the stations (Table 8). The occurrence of poor weather 
is most closely associated with baric-pattern Type B 
(74%). Type A is next with 56%; Type A is the most 
prevalent pattern. 

There does not appear to be a connection between 
baric-pattern type and poor-weather days at Divide Sta
tion. The unclassified type D has the highest frequency 
of occurrence of poor weather; this suggests that weather 
conditions are more local at Divide than at Yakutat and 
are independent of the baric patterns isolated in this 
study. 

Kluane Base Camp shows even less association with the 
baric patterns than does Divide Station. In fact, at Kluane 
the unclassified group is more closely associated with 
poor-weather days than is anyone of the baric patterns. 
This suggests that poor-weather periods at Kluane Base 
Camp are controlled to a greater degree by upper air 
changes (trowals) than by changes in the sea-level baric 
patterns. 

CONCLUSION 

The summer period (June , July, and August) is marked 
by three distinctive baric patterns. Although some simi
larities exist between the baric map-patterns identified 
by this study and average sea-level maps, the former set 

141 

TABLE 8. Frequency (in Percent) of Cyclonic Weather 
in Relation to Baric·Pattern Type 

Station 
Baric-pattern type 

A B C D 

Yakutat 56 74 31 35 
Divide Station 42 52 17 57 
Kluane Base Camp 13 7 12 39 

of patterns indicate that summer cyclonic activity across 
the mountain system is less pronounced than previously 
suggested (Marcus and Ragle , 1970) . Weather forecasters 
and pilots in the area of the St. Elias Mountains have 
placed considerable importance on the role of the "Gulf" 
cyclone in the development of mountain weather; how
ever, the map patterns isolated in this study indicate that 
a low pressure trough located over central Alaska is the 
dominant circulation feature . As cyclonic systems tend 
to deepen and occlude upon their approach to the coast
al mountains, they are deflected to the north through 
central Alaska. These systems subsequently re establish a 
zonal track once they have crossed the coastal mountains 
northwest of the St. Elias Mountains. Trailing occlusions 
and cold fronts from these systems often track across the 
St. Elias system, bringing a variety of short-term weather 
conditions. However, the stronger cyclones following the 
northern track have some affect on the continental 
slopes of the St. Elias Mountains. 

Each baric-pattern type was examined in relation to 
the occurrence of specific weather conditions at the ob
servation sites. The analysis of individual weather ele
ments and baric patterns does not disclose a close con
nection. However, a relationship between baric-map 
types and the total weather day (composite of all ob
served meteorological elements) is evident. This connec
tion is strongest at Y aku tat and decreases across the 
mountain system to Kluane Base Camp. For composite 
data, poor-weather conditions are more closely associated 
with pattern Types B and A, in that order, than with 
other conditions; Divide Station weather shows the great
est association with pattern type D, the unclassified set 
of patterns, indicating that only the stronger cyclones in
fluence this location. Kluane Base Camp weather shows 
the weakest association with the three baric-pattern types. 
In fact, the unclassified set of patterns is more closely 
associated with weather days at this location than are 
anyone of the baric map-patterns. This suggests that 
weather periods at Kluane Base Camp are controlled to a 
greater degree by local factors and upper air disturbances 
than by surface baric patterns. 
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Hydrological Studies of the Slims River, Yukon, 

June-August 1970 

Albert P. Barnett* 

ABSTRACT. Hydrological studies were conducted on the Slims River during the summer of 1970. The 
purpose was to determine factors causing diurnal and seasonal variations in discharge. Discharge measure
ments were taken during periods which displayed different climatological conditions; diurnal variations 
were measured within selected twenty-four hour periods. A continuous stage recorder was used to measure 
seasonal variations in stream flow. Tributary stream discharge was also measured. 

Climatological data recorded at the nearby Kluane Lake Station were utilized for hydro-climatological 
analysis. Available measurements included temperature, wind direction and velocity, cloud cover and type, 
precipitation, atmospheric pressure, humidity, and incoming short-wave radiation. 

Shifts of Kaskawulsh Glacier meltwater drainage from the Slims to the Kaskawulsh River are the major 
factor in intraseasonal variations of discharge . Otherwise, Slims River drainage was found to vary diurnally 
and seasonally in accordance with certain climatological and physiographic factors. These include glacier 
ablation, exposure direction and surface area of the watershed surface, ice-dammed lake drainage, short-wave 
radiation absorption, cloud cover, precipitation, and temperature. Discharge varied directly with the general 
increases and decreases in short-wave radiation and seasonal temperature. Intensity of rainfall does not always 
have a direct relationship to discharge. 

Introduction 

Hydrological studies were conducted on the Slims 
River during the summer of 1970. This river is important 
to an understanding of the regional environment because: 
(1) it is the maj or source of water for Kluane Lake, the 
largest lake in the Yukon Territoty; (2) it behaves anom
alously from summer to summer, thus affecting lake 
levels and shoreline morphology; and (3) it is one of the 
two meltwater outlets of the Kaskawulsh Glacier. 

Geomorphic studies have previously been conducted in 
the Slims River area. Fahnestock (1969) described char
acteristics and chronology of the Slims valley train, pro
viding supporting evidence to Bostock's (1952; 1969) hy
pothesis that the Slims River has experienced drainage 
reversal in postglacial time. 

The purpose of the study reported here was to deter
mine factors causing diurnal and intraseasonal variations 
in discharge. To accomplish this, discharge measurements 
of the river were taken during periods which displayed 
different climatological conditions. In order to gain in
sights into diurnal variations, a series of measurements 
were taken within selected twenty-four hour periods; 
seasonal changes were compiled continuously by stage 
recorder. Discharge measurements of tributary streams 
were also taken to determine what percentage (or re
mainder) of the Slims' discharge was composed of Kaska
wt¥sh Glacier meltwater. 

*Department of Geography, University of Michigan, at time of 
writing. Present address: North Carolina Central University, 
Durham 
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Climatological data from the Kluane Lake meteorolog
ical station utilized in this study included daily mea
surements of temperature, wind direction and velocity, 
cloud cover and type, precipitation, atmospheric pres
sure, humidity, and incoming short-wave radiation. Inter
pretation of the climatic data was useful in the identifi
cation of factors which influence discharge variations. 

Study area. The Kaskawulsh Glacier in the Icefield 
Ranges of the St. Elias Mountains drains eastward a dis
tance of 72 km to its end moraine (Plate 1) 1 • At this 
point two meltwater streams-the Kaskawulsh and Slims 
Rivers-emerge from the glacier snout and drain 'divergent • 
valleys. The Slims River flows from the north edge of the 
Kaskawulsh Glacier's end moraine into Kluane Lake. It 
enters the lake at mile 1059.8 of the Alaska Highway, 
eventually draining to the Bering Sea via the Yukon River 
system. The Slims River stretches 22.5 km over a valley 
floor composed of glacial outwash. Its floodplain is 
about 1800 m wide, except in areas where tributaries 
have built alluvial fans which constrict the valley floor. 

The Slims and Kaskawulsh Rivers share the runoff from 
a 2100 km2 drainage basin in the Icefield Ranges. Ap
proximately 1450 km2 of this watershed is covered by 
Kaskawulsh Glacier ice (Richard Rangle, personal com
munication, in Fahnestock, 1969, p. 161). 

Tributary streams (Fig. 1), which enter the river below 
the glacier terminus, supply the Slims with snowmelt as 
late as July, depending on both the amount of winter 
snow accumulation and climatic conditions. On the up
per portions of fans, which are developed from the 

1 Plate 1 is a map inside the back cover of this volume. 
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Fig.!. The Slims River valley (from Fahnestock, 1969, p. 163; locations of· cross sections discussed by 
Fahnestock should be disregarded). 

tributaries, runoff inflltrates the fans but reappears at the 
edge of the river as small springs. Throughout the sum
mer months the larger fans supply the Slims with snow 
and glacial melt. Of the larger tributaries, Canada and 

• Bullion Creeks are glacially fed, whereas Vulcan and 
Sheep Creeks are supplied with snowmelt from high 
neve fields. The 'canyon walls of the lower segments of 
these streams exceed 30 m and large boulders cluster in 
their narrow flood plains. 

Canada Creek, the largest of the tributaries, enters the 
Slims some 90 m downstream from the Kaskawulsh Gla
cier end moraine on the west slope of the valley. The up
per portion of the fan is composed of coarse material; 
the lower two-thirds of the fan consists of gravel to silt
size material and has no vegetation cover. 

Bullion and Sheep Creeks enter approximately 14 km 
and 13 km downstream on the west side of the valley. 
The upper two-thirds of their fans are wooded. The low
er thirds are partially covered with thick grasses and 
muskeg. 

On the Bullion Creek floodplain 150/0-20% of the sur
face has been recently reworked by migrating, braided 
flow; major changes have occurred during peak runoff 
periods. Mining and road alterations across Bullion Creek 
have also modified its migration pattern. 

Vulcan Creek, a snowmelt stream, drains the eastern 
slope of the Slims River and enters the main stream ap
proximately 16 km below the Kaskawulsh Glacier termi
nus. On the upper portions of the Vulcan fan, stream 
flow inflltrates gravel-sized alluvium to reappear on grass 
and muskeg lower on the fan. 

Field methods. Discharge and stage measurements were 
taken at the Slims River bridge. This is the most conve
nient location for discharge observations because a 122-m 
long bridge funnels all water into two narrow channels. 
Because there is a high permafrost table (less than 1 m 
below the surface) subsurface flow is negligible. Vertical 
markings painted on the downstream side of the bridge 
provided reference planes to measure the vertical angle 
created by the force of the water on a handline-suspended 
current meter and sounding weight. Starting at the west 
bank, depth readings were taken at 1.5-m intervals and 
velocity readings were taken at 3-m intervals. Water 
height was measured by stage recorder. Water tempera
ture was also recorded prior to each discharge measure
ment. 

Observations of tributary stream flow were made at 
Bullion, Sheep, and Vulcan Creeks. Steam discharge, 
water temperature, maximum and minimum air tem
perature, and precipitation were measured at these 
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Fig. 2. Cross sections of the two Slims River channels showing depth variations throughout the two months of obser
vation. 

TABLE 1. Cross-Sectional Data, June 30 and August 6 

CHANNEL I CHANNEL II 

DIP* Depth (m) DIp· Depth (m) 

(ml. (ft) June 30 Aug. 6 (m) (ft) June 30 Aug. 6 

24.7 81 0.00 0.00 12.2 40 0.00 0.00 
25.9 85 0.94 0.82 13.7 45 0.73 0.76 
27.4 90 1.88 1.28 15.2 50 1.74 1.71 
29.0 95 3.08 2.87 16.8 55 2.44 2.62 
30.5 100 3.38 3.41 18.3 60 4.08 4.57 
32.0 105 3.78 4.30 19.8 65 4.42 5.49 
33.5 110 3.96 4.36 21 .3 70 4.97 5.94 
35.1 115 3.93 4.27 22.9 75 4.82 7.19 
36.6 120 3.63 4.30 24.4 80 4 .88 7.68 
38.1 125 3.63 3.69 25.9 85 5.18 7.68 
39.6 130 2.96 2.83 27.4 90 4.60 7.62 
41.1 135 1.80 1.98 29.0 95 4.60 7.77 
42.7 140 1.16 1.01 30.5 100 3.87 7.07 
44.2 145 0.00 0.00 32.0 105 3.44 6.31 

33.5 110 3.41 5.49 
35.1 115 3.41 3.51 
36.6 120 2.87 3.96 
38.1 125 2.71 3.11 
39.6 130 1.58 2.50 
41.1 135 0.98 1.22 
42.7 140 0.06 0.49 
44.2 145 0.00 0.00 

*DIP = distance from initial point. 
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stations. All tributary stations were located above their 
alluvial fans to eliminate the complexities involved in 
braided stream measurements. Observations on Vulcan 
Creek were made 30 m above the head of the fan along a 
straight 15-m reach. Rod discharge measurements, using 
a number 622 Price pygmy current meter, were made at 
these stations. 

Stream Geometry 

The Slims River is divided into two separate channels 
by the center pile and foundation of the Alaska Highway 
bridge, mile 1059.8. Channel I has a width of 19.8 m 
from the west bank to the center pile and Channel II 
measures 32.0 m from the center pile to the east bank. 
The depths of both channels vary greatly (Fig. 2 and 
Table 1). The deepest point in Channel I varies from 3.3 
to 5.8 m and in Channel II from 4.6 to 8.2 m. 

Although the cross-sectional area of Channel II is 
greater than that of Channel I, the discharge of Channel 
II is often less than that of Channel I (Table 2). Channel 
I is located near the concave bank just downstream 
from the axis of bend in a meandering segment of the 
Slims River. This is the section in the meandering stream 
that experiences the greatest velocity (Leopold, Wolman, 
and Miller, 1964, p. 299). 

It should be noted that although Channel I has higher 
velocities and discharge, Channel Il experiences greater 
scouring and ftlling. Studies of hydraulic geometry have 
shown that the mean bed elevation at a river cross section 
depends not only on water discharge, but is related to 
changes in width, depth, velocity, and sediment load 
(Leopold, Wolman, and Miller, 1964, p. 230). During 
periods oflow discharge and velocity (in August), the 
highest discharge shifts to the previously deepened Chan
nellI. 

Flow Characteristics 

Diurnal discharge variations. Diurnal discharge mea
surements were taken on different days as the summer 
progressed. Table 2 summarizes the observations. The 
data reveal that peak discharges occur between 2100 and 
0300 hours; lows occur in early afternoon. Given normal 
conditions the greatest ablation occurs when solar energy 
is most abundant; this generally occurs between the 
hours of 1300 and 1500 mean solar time. The time lag 
between peak ablation and peak discharge readings can 
be attributed to the combined length of the glacier ab
lation surface and the distance between the gauging sta
tion and the terminus of the glacier. 

The magnitude of discharge during high flow periods 
is dependent on geomorphic factors such as glacier type, 
slope and exposure, surface area of the zone of ablation, 
glacier sediment cover, and drainage of ice-dammed 
lakes. Climatological factors include radiation absorp
tion, cloud cover, precipitation, and temperature. Of 
these variables, only the climatological factors are con
sidered in this paper. 
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It is found that although discharge varies during 24-
hour periods, the factors causing these variations are due 
to the general tendency of the climatological variables 
during the period of observation rather than to their ab
solute value during measurement. A trend, to be effect
ive, must extend a period of days prior to the discharge 
measurement. Exceptions to this are cases of intense pre
cipitation and drainage of ice-dammed lakes which 
initiate major discharge fluctuations within twelve hours 
after occurrence. 

Intraseasonal variations. Intraseasonal flow variations 
are given in Table 2. Measurements were taken at the 
same hours on different days in order to establish a bet
ter picture of seasonal progression. Measurements taken 
at 1400 and 1500 hours show gradual variations in dis
charge and cross-sectional area for three distinct periods. 
The Hrst two periods are characterized by gradual in
creases in area and discharge, each followed by a decline. 

The spring warming trend and associated snowmelt is 
the apparent cause for the increase in discharge for the 
Hrst period a une 30-J uly 9). The invasion on July 5 of a 
storm system with associated precipitation contributed 
to the high runoff. By July 9, high barometric pressures 
and decreasing temperatures contributed to a decrease 
in runoff (Figs. 3 and 4). Subsequently, temperatures 
remained relatively low for the rest of the summer. 
This, and the reduction of snow available for melt, ac
counts for the discharge not reaching its previous level. 

The second decrease (from Period Il to Period Ill) was 
caused by a major shift to the Kaskawulsh Glacier melt
water from the Slims River to the Kaskawulsh River. 
This phenomenon is extraordinarily important to the 
regimen of the Slims River and has been observed on at 
least two other occasions during the 1960's (Melvin 
Marcus and Philip Lipton, personal communications). 
The subject is treated in a later section. 

Effects of climate on discharge. Because the Slims 
River is located in a rain shadow on the leeward side of 
the St. Elias Mountains, the precipitation is low. On 
days when precipitation occurred, however, slight vari
ations in discharge were recorded. On July 8, for ex
ample, there was 22.6 mm of precipitation. Two dis
charge measurements were taken on this day and one 
on the following day. Unfortunately, more measurements 
are not available for this period since the continuous 
stage recorder malfunctioned. In comparing measurements 
taken at 2200 hours on July 8 with measurements taken. 
on July 5 at a corresponding time with no precipitation, 
a July 8 increase in discharge is apparent (Table 2). 

Although on July 9, 2.8 mm of precipitation was re
corded, reduction in discharge, cross-sectional area, and 
velocity were measured. Reduced short-wave radiation 
was received on July 8 and July 9. This, along with lower 
temperatures, reduced ablation and net water runoff into 
the Slims River. The amount of precipitation on July 8, 
however, was more than enough to compensate for the 
lost glacial meltwater discharge and thereby resulted in a 
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Fig. 3. Mean daily precipitation, cloud cover, and barometric pressure at K1uane Lake meteorological station, 
May-August 1970. 

discharge increase. The amount falling on July 9 was not 
enough to compensate for reduced glacial melt, and 
therefore a reduction in discharge was experienced. 

with the rise in stage accompanying flood passage 
through a gauging station, there is an increase in veloc
ity and sheer stress on the stream bed. As a result 
there is a tendency for scouring to occur during high 
flow periods. Figure 2 shows the changes in cross 
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section during passage of snowmelt increase for the 
Slims River. Observations began on June 30, 1970. It is 
se-en that the bed level at this time was about 4.5 m be
low the gauging datum and the discharge was 38.2 and 
70.2 m3 /sec, respectively, for Channels I and n. By 
July 8, the discharge increased to 68.2 and 92.8 m3 /sec 
and the bed level dropped 1.5 to 3.0 m. On July 10-11, 
a noticeable increase in stage (from 0.58 to 0.70 m) was 
recorded (Table 3). A diurnal variation from 0.64 to 

May June July August 

Fig. 4. Mean daily temperature at Kluane Lake meteorological station, May-August 1970. 



TABLE 2. Slims River Discharge, Summer 1970 

Time Gauge Channel I Channel II Both channels 

Period Date (Eastern Yukon height Cross-section Velocity Discharge Cross-section Velocity D ischarge Cross-section D ischarge 
Daylight) (m) area (m') (m/sec) (m 3 /sec) area (m' ) (m/sec) (m 3 /sec) area (m') (m3 /sec) 

I June 
30 1500 0.52 51.6 0.74 38.2 98 .9 0.71 70.2 150.5 108.4 

July 
5 1400 0 .67 39.9 1.21 48 .3 107.9 0.63 68.0 147 .8 116.3 
5 1800 0.67 39.9 1.12 44.7 107.9 0.67 71.8 147.8 116.5 
5 2100 0.67 39.9 1.25 49 .9 107.9 0.82 88.1 147 .8 138.0 
6 0001 0.70 62 .3 1.14 71.0 137.6 0.46 63.3 199.9 134.3 
6 0700 0.70 62.3 0.96 59.8 137.6 0.45 62.4 199.9 122.2 
6 1300 0.70 58.2 1.01 58.8 150.2 0.58 87.1 208.4 145.8 
8 1900 0.64 58.1 0.97 56.4 149.6 0.43 64.3 207 .7 110.7 
8 2200 0.64 58.1 1.17 68 .2 149.6 0 .62 92 .8 207 .7 161 .0 
9 1400 0.55 56.1 0.81 45.9 146.4 0.39 57.1 202.5 103.0 

11 July 
15 0300 0.91 73.6 1.39 102.3 139.0 0.68 94.1 212.6 196.4 
19 1500 0.61 56.9 1.05 59.8 140.7 0.68 95.7 197 .6 155.5 
19 1800 0.61 56.9 1.14 64.7 101.4 0.47 47 .7 158.2 112.4 
19 2100 0.61 56.9 1.28 73.0 101.4 0.51 52.1 158.2 125.1 
20 0001 0.64 64.2 1.19 76.4 99.5 0 .55 54.7 163.7 131 .1 
20 0300 0.64 58.1 1.22 70.9 97 .5 0 .54 52.7 155.6 123.6 
20 0900 0 .64 58.1 1.00 58.1 97.5 0.47 45.9 155.6 104.0 
30 1400 0.76 56.0 0.65 36.4 151.5 0 .50 75.8 207.5 112.2 

III August 
4 1500 0.49 54.8 0 .14 7 .7 142.9 0.09 12.9 197.7 20.6 
4 1800 0.49 54.8 0 .14 7.4 142.9 0.08 11 .1 197.7 18.5 
4 2100 0.49 54.8 0.17 9 .4 142.9 0.09 13.0 197.7 22.4 
5 0001 0.49 54.8 0.18 10.1 142.9 0 .11 15.9 197.7 26.0 
5 0300 0.49 54.2 0.16 8 .7 140.7 0.11 15.5 194.9 24.2 
5 0900 0.49 54.2 0.18 9.6 140.7 0.09 13.4 194.9 23.0 
6 1500 0.46 59.3 0 .17 10.1 142.9 0.10 14.3 202.2 24.4 
7 1200 0.43 52.8 0.18 9 .5 138.7 0.10 13.9 191.5 23.4 
7 1500 0.43 52.8 0.15 7 .7 138.7 0.07 9.6 191 .5 17.3 
7 2100 0.43 52.8 0.15 7 .7 138.7 0.09 12.6 191 .5 20.3 
8 0001 0.43 52.8 0.19 10.0 138.7 0.10 14.3 191.5 24.3 

12 1500 0.37 51.3 0 .15 7 .7 137.7 0.07 9.6 189.0 17.3 
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TABLE 3. Slims River Gauge Height 

Gauge height in meters 
Date 

0600 hr 1200 hr 1800 hr Midnight 

June 30 0.52 0.52 0.52 0.55 
July 1 0.52 0.52 0.52 0.58 

2 0.58 0.61 
3 0.61 0.61 0.58 0.70 
4 0.70 0.64 0.64 0.76 
5 0.73 0.70 0.67 0.70 
6 0.70 0.70 0.61 0.70 
7 0.70 0.67 0.64 0.67 
8 
9 0.55 0.58 

10 0.58 0.58 0.58 0.67 
11 0.70 0.67 0.64 0.70 
12 0.73 0.70' 0.67 0.73 
13 0.73 0.70 0.70 0.79 
14 0.82 0.76 0.73 0.76 
15 0.76 0.73 0.73 0.76 
16 0.76 0.70 0.70 0.73 
17 0.76 0.76 0.67 0.70 
18 0.67 0 .67 0.61 0.64 
19 0.67 0.64 0.58 0.64 
20 0.61 0.61 0.64 0.64 
21 0.64 0.61 0.61 0.67 
22 0.67 0.67 0.64 0.67 
23 0.67 0.67 0.67 0.70 
24 0.73 0.70 0.70 0.76 
25 0.79 0.82 0.82 0.91 
26 1.01 0.94 
27 
28 
29 
30 0.76 0.76 0.76 
31 0.73 0.70 0.64 0.64 

Aug. 1 0.64 0.61 0.61 0.61 
2 0.61 0.58 0 .55 0.55 
3 0.55 0.55 0.52 0.52 
4 0.49 0.49 0.49 0.49 
5 0.49 0.49 0.49 0.46 
6 0.46 0.46 0.43 0.43 
7 0.43 0.43 0.40 0.40 
8 0.37 0.40 0.43 0.40 
9 0.37 0.40 0.37 0.37 

10 0.37 0.37 0.37 0.37 
11 0.37 0.37 0.37 0.37 
12 0.37 0.37 0.37 0.37 
13 0.37 0.37 0 .37 0.37 
14 0.37 0.37 0.37 0.37 

Note: Time is Eastern Yukon Daylight. 

0.73 m was maintained until July 13. A peak stage of 
0.82 m above the gauge datum was achieved at 0600 hr 
on July 14, with a low stage of 0.73 m at 1800 hr. This 
level was maintained until July 17. The peak stage dur
ing this period occurred between midnight and 0300 
hours and the low stage occurred between 1400 and 
1700 hours. 

Previous to July 10, a major storm system moved 
through the area, accompanied by heavy cloud cover 
and high precipitation. The lowest recorded incoming 
short-wave radiation occurred during this period. The 
stage increase on July 10 occurred in conjunc tion with 
clearing weather and a jump in insolation. The increase 
on July 14 was not due to intense insolation or precipi-
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tation. It is speculated that a draining ice-dammed lake 
supplied the Slims River with additional water in suffi
cient quantities to cause an increase in stage height. A 
number of small ice-dammed lakes are located along the 
lateral margin of the Kaskawulsh Glacier. These have 
been observed to drain in a matter of a few hours (Mel
vin Marcus, personal communication). One of these 
lakes apparently drained on July 14 as shown by an in
crease in stage from 64 to 76 mm within a period of 10 
minutes. On July 17, the last day of the high flow period, 
precipitation created very small stage fluctuations. 

The period July 18-20 experienced a reduction in 
stage. This was in part a response to the limited amount 
of incoming short-wave radiation (Fig. 5). Cross-sectional 
area reduction (filling) occurred with the decrease of ve
locity and discharge. 

For the three-day period, July 24 to July 26, a total of 
13.7 mm of precipit<rtion fell , with 85% of this total oc
curring on July 25. Discharge measurements were not 
taken during this period, although stage records reveal an 
increase from 0.61 m on July 24 to 1.01 m on July 26. 
The accumulated precipitation for this period was not 
enough to cause such an increase in stage. This increase, 
therefore, must be attributed to some other cause. Tem
perature and radiation data show that the period in 
which the peak daily mean temperature occurred coin
cided with the period that received the greatest short
wave radiation (July 17 through August 1). The resulting 
increase of snowfield and glacier melting is the apparent 
cause of the stage increase for this period. 

The Shift in Glacier Runoff 

Between July 30 and August 4, 1970 the stage of the 
Slims River dropped from 0.76 to 0.49 m, cross-sectional 
area decreased from 207.5 to 197.7 m2

, and velocity in 
cl • ...: two channels decreased from 0.65 to 0.14 m/sec 
(Channel I) and 0.50 to 0.09 m/sec (Channel 11). This 
was the result of a major shift of Kaskawulsh Glacier 
meltwater into channels of the Kaskawulsh River, de
priving the Slims River of more than three-quarters of its 
previous discharge. A gradual drop in stage continued 
for two weeks after the initial decline (Table 3). This 
event occurred at the end of the period that experienced 
the peak mean daily temperature (Fig. 4). 

The diurnal discharge variations during August (Period 
Ill) were of smaller magnitude than those of the pre\1i.ous 
period. The August variation pattern more truly repre
sents the diurnal pattern for tributary streams than do 
the June and July patterns. This is because approximately 
50% of the Slims River flow after the shift at the end of 
July was composed of tributary meltwater, whereas only 
10% of its earlier discharge consisted of tributary flow. 

Peak flow in August occurred around midnight. This is 
similar to the discharge pattern in June and July before 
the drainage shift. However, it was observed that the 
high flow periods in August were somewhat more ex
tended than high flows in the earlier period. Although 
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Fig. 5. Insolation at Kluane Lake meteorological station, July 28 through August 2,1970. Each division on the vertical scale rep
resents 0.5 langleys. 

the time of day for peak ablation occurs simultaneously 
for tributary sources in the watershed, the differences in 
distances between tributary sources and the Slims River 
gauging station cause peak meltwater from each of the 
tributaries to reach the gauging station at different 
times. This lag effect results in extended high-flow peri
ods that had been previously obscured by the Kaska
wulsh Glacier runoff. 

Conclusions 

The most significant element in the summer 1970 
regimen of the Slims River was the shift of Kaskawulsh 
Glacier meltwater runoff in early August. Deprived of its 
principal water source, the slims River made only mini
mal contributions to Kluane Lake during a normally 
high flow period. The impact of the drainage shift was 
accentuated by climatic conditions during the summer 
and earlier 1969-1970 accumulation season. 

The snowfield and glacier budget year 1969-1970 was 
exceptionally dry along the continental front of the Ice
field Ranges (see Marcus, pp. 219-223, this volume). Thus 
less snow was accumulated to feed tributary streams 
during the summer ablation period. Most of the neve 
fields were exhausted by the time the Kaskawulsh Gla
cier drainage shift occurred. Counteracting this effect 
was the relative coolness and low insolation in June and 
July. This depression of incoming energy was insufficient 
to prevent the melting of the shallow snowfields in the 
tributary watersheds; however, it did reduce the usual 
rates of glacier ablation. 

The combination of less glacier runoff and low tribu
tary snow storage accounts for appreciably lower Slims 
River discharge in 1970 than in preceding years. Peak 

discharge values are, for example, less than half those re
corded by Fahnestock in 1965 and Alford in earlier years 
(Fahnestock, 1969, Table 1). When the Kaskawulsh drain
age shift occurred, extremely low discharges followed. 
Less than 25 m3 /sec flowed past the Slims River bridge 
in August 1970. In comparison, Fahnestock (1969) ac
counted for approximately 85 m3 /sec from tributary 
sources in late July 1965. Thus it seems that regional cli
matic events can also exert a major influence on year-to
year discharge of the Slims River. Because the Slims is 
the principal feeder source for Kluane Lake, these effects 
are inevitably significant to lake level and to shoreline 
development. 
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Sedimentation in Kluane Lake· 
M. Leonard Bryant 

ABSTRACT. Preliminary investigations on the bathymetry and sediments of the southern portion of 
Kluane Lake were conducted during the summer of 1968 . Statistical relationships of sediment particle 
size, minimum distance traveled by sediments through the lake, and depth, are not as hypothesized in con
ventional simplistic models of sedimentation. Processes affecting the observed relationships are considered 

to be lake stratification, currents, and wave activity. 

Introduction 

Kluane Lake, located in the Shakwak Trench in south
western Yukon, Canada, was studied during the 1968 
summer field season to obtain information concerning 
bathymetry, thermal structure, and sediment distribution. 
A total of 200 km of sounding traverses were made in 
the southern portion of the lake in the vicinity of the 
mouths of the Slims River and Silver Creek. A prelimi
nary bathymetric map was constructed from these sound
ings (Fig. 1). The soundings, together with 17 sediment 
samples collected with an Ekman dredge, are the basis 

*This report is a modified version of an article appearing in the 
Proceedings of the Association of American Geographers, Vo!. 
2, pp. 31-35 (1970), and is reprinted here with permission. 
t Department of Geography, University of Michigan, Ann Arbor, 
at time of writing. Present address: Environmental Research 
Institute of Michigan, Ann Arbor. 
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for most of the discussion in this preliminary report. 
Bostock (1969) presents sounding data and a discussion 
of the drainage of Kluane Lake. 

The Slims River, a glacier-fed stream, is the major 
input into Kluane Lake; therefore fluctuations in lake 
level are associated with variations in the stream's dis
charge (lake level 781 m above MSL). Although other 
rivers contribute both sediment and water to the lake, 
they are probably of lesser quantitative importance. 

Embleton and King (1968, p. 436) in their discussion 
of glacial lakes state that: 

" . . . although both coarse and fine sediments may be found 
in beach deposits and deltas, lake floor deposits beyond the 
limit of delta growth are predominantly frne, and become 
increasingly so as the central or deepest parts of the lake are 
approached. The frnest silts and clays represent the water
borne rock flour of glacial origin which is seen to discolor the 
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water of lakes and streams and which requires extremely long 
periods and quiet water conditions to settle." 

This statement is, at ftrst glance, applicable to Kluane 
Lake ; in terms of particle sizes, it is a classic statement of 
sediment distribution associated with a single input. 
Such a statement is based on several assumptions: (1) 
current direction which is essentially unidirectional away 
from the input point, (2) a lack of either thermal or 
density stratiftcation which can interfere with the set-

. tHng of sediments in the lake, and (3) a rate of sediment 
settling which follows Stokes Law, the best known and 
most generally used formula for determining settling 
velocities of sediments through a liquid medium. 

Such assumptions are warranted in attempting to es
tablish a model of sedimentation within a lake; and the 
resulting model is, within a restricted framework, accu
rate. It is also recognized, however, that the model is too 
simplistic adequately to explain the observed sediment 
distributions in Kluane Lake. This is also a failing of 
numerous other statistical models constructed to simu
late deltaic and pro-deltaic sedimentation (for example, 
Bonham-Carter and Sutherland, 1968). The simple 
models do not take into account the effects of chemical 
or thermal stratiftcation, local currents, and wave action 
within the lake. 

While this paper deals only with descriptive bathym
etry and sediment analysis, it is part of a larger study 
attempting to relate the several interacting processes 
responsible for sediment distribution. Thus the selection 
of the research site was strongly influenced by the 
broader research objectives. A relatively small body of 
water was required, but one of sufficient size to allow 
currents and waves to develop appreciable variations in 
magnitude. In addition, a water body with a strong 
stratiftcation was desired, that is, a lake with a well
developed thermocline. A fresh-water body was pre
ferred over one of salt water, to lessen the chance of 
sediment flocculation upon introduction of new sedi
ments to the sedimentation regime. Finally, a lake was 
preferred in which the majority of the sediments intro
duced during a single melt season would be transported 
into the lake during a fairly short period of time. This 
would allow the investigator to monitor the sediment in
put most efficiently. 

Kluane Lake, during the period of maximum sediment 
and water input of July and August, fulfilled these 
conditions, with a weak thermocline. This thermocline 
was occasionally destroyed by violent mixing of the 
waters during storms. (Such an event happened in 
August 1968 following a five-day storm which produced 
2-m waves.) 

Locat~d in the Subarctic, the lake is normally ice
covered for eight months of the year, from early 
October to late Mayor early June (Canada Dept. North. 
Affairs, 1969). Because the ice of the Slims River breaks 
up later than that of Kluane Lake, the Slims River trans
ports sediments into the lake for less than four months 
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(Fahnestock, 1969). There is the possibility, however, 
that the Slims is a perennial stream fed by ground water 
during the winter season (Williams and Rust, 1969; 
Stenborg, 1969). Sediment settling, if fines are available, 
may continue throughout the year, leading to the forma
tion of varve layers. This was not confirmed in any of 
the several cores secured, however. 

TABLE 1. Size Analysis Data of Bottom 
Sediment, Kluane Lake 

Sample 
No. tP •• rP,. tP .. MztP uGrP SKG 

1 9.98 7.85 5.40 7 .74 2.29 -0.07 
2 7.98 4.98 3.99 5.65 1.99 +0.51 
4 9.98 721 5.27 7.48 2.35 +0.18 
5 8.69 5.72 4.11 6.17 2.29 +0.30 
8 10.08 7.85 6.40 8.11 1.84 +0.21 
9 9.98 7.59 5 .85 7.80 2.07 +0 .16 

10 10.08 7.72 6.33 8.04 1.87 +0.26 
11 9.98 7 .33 6.01 7.78 1.98 +0.33 
12 9.98 7 .85 5.85 7.89 2.07 +0.04 
13 9 .98 7.85 6.03 8.01 1.89 +0.13 
15 8.93 6.65 5.11 6.90 1.91 +0.19 
16 7.97 5.88 4.83 6.23 1.57 +0.33 
17A 9.98 7!H 6.46 8.14 1.76 +0.14 
18 9.98 8.46 6.91 8.45 1.53 -0.01 
19 10.08 8.68 6.74 8.50 1.67 -0.16 
20 9.98 7.72 6.14 7.95 1.92 +0.18 
22 10.08 8.46 6.74 8.43 1.67 -0.03 

MzrP = graphic mean = (rP,. + tP,. + rP84 )/3 
uGrP = graphic standard deviation = (rP •• - rP, • )/2 
SKG = graphic skewness = (rP, 6 + rP •• - 2rP,.)/ 
(rP. 4 - rP, • ) 

Observations and Discussion 

Table 1 presents several statistical parameters of the 
grain sizes of collected sediments. Figure 1 indicates 
the locations of the sampling sites. The data of Table 1 
were secured by using a Bouyoucos hydrometer and 
following the standard procedures of the American 
Society for Testing and Materials (1967). The para
meters indicating the average size, graphic mean, graphic 
standard deviation, and graphic skewness are in I/> (phi) 
notation. The I/> scale is a logarithmic transformation, 
yielding integers for class limits which increase with de
creasing grain size. These notations are directly related 
to the Wentworth grade scale; for example, 01/> = 1 mm, 
-41/> = 16 mm, +41/> = 0.0625 mm (Krumbein, 1934). Of 
the several parameters which could have been used, 
those selected are based on 1/>50, 1/>84, 1/>16 (1/>50 is the I/> 
value associated with the 50 percentile line on a 
cumulative percent graph). It was not possible to use the 
inclusive graphic skewness or the inclusive graphic 
standard deviation of Folk (1968) because these require 
the 1/>5 size, and for the majority of the samples included 
in this preliminary study the hydrometer analysis was 
not carried to that level. The graphic standard deviation 
and graphic skewness of our work cover only the central 
68% of the distribution. Data read from a graph of 
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cumulative weight vs. frequency were used rather than 
moment measurement:;; therefore the median diameters 
determined are not affected by the character of the rest 
of the cumulative weight vs. percent curve. 

If the model quoted from Embleton and King (1968) 
is used, the following responses should occur with 
increased distance from the river mouth and with in
creased depth : (1) an increase in cJ!so; (2) a decrease in 
graphic skewness, SKc ; and (3) a decrease in the graphic 
standard deviation, aCcJ!. In other words, the sediments 
have become better sorted as indicated by a decreasing 
median diameter, an increasing skewness to the fmes, 
and a decreasing standard deviation. These preliminary 
data are based solely upon the relative sizes of bottom 
deposits. Sizes of individual particles of either .the sus
pended load or bed load of the Slims River and Silver 
Creek have not been investigated. 

Several correlations were computed using the method 
of Downie and Heath (1959). The correlation 
coefficients computed are given in Table 2. Only in the 
cases of X2, Y3, and X2, Y1 were the correlation 
coefficients significant at the 0.1 level. 

TABLE 2. Correlation of Sediment Size, 
Depth, and Distance from Input 

Relationship studied * Correlation coefficient 

* 

X1. Y1 
X1. Y2 
X1, Y3 
X2. Y1 
X2.Y2 
X2.Y3 

- 0 .271 
- 0 .215 
- 0 .149 
-0.427 
- 0.396 
-0.434 

X1 = depth of water in feet ; X2 = straight-line 
distance from Slims River mouth (taken at the 
bridge) to sediment collection site in thousands of 
feet; 
Y1 = diameter of the 30th percentile in milli· 
meters; 
Y2 = diameter of the 50th percentile in milli-
meters; 
Y3 = diameter of the 90th percentile in mill i-
meters. 

The correlation data together with the data in Table 1 
indicate that there is apparently no systematic change in 
grain size. The rather simplistic and deterministic model 
indicated earlier does not completely describe the condi
tions within Kluane Lake. Other processes not included 
in the model are apparently causing variations. One of 
the problems in the correlation is that the X2 distances 
used were the straight-line distances and not the dis
tances actually followed by water which is entering the 
lake via the Slims River. Because of the lack of informa
tion oil. currents in Kluane Lake, however, it is thought 
better to use such a "standardized" distance rather than 
one which implies a higher level of accuracy. 

Also, it should be noted that samples 17, 18, 19, 20, 
and 22 were probably gaining sediment from Silver Creek 
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rather than from the Slims River. This observation was 
not substantiated in terms of sediment color, for all of 
the sediments are in the dark gray to gray range (5Y 
5/1 to 5Y 4/1) as determined by the Munsell color 
chart when the sediments were still wet. The sediments 
which were observed to be carried by the Slims River 
were considerably lighter in color than those carried by 
Silver Creek; the former were light gray (5Y 7/1) and 
the latter, dark gray to dark greenish-gray (5Y 4/1 to 
5GY 4/1). It is, therefore, believed that there is some 
mixing of the Slims River sediments with organic matter 
on the lake bottom, or possibly some oxidizing of this 
material upon deposition. There is also the possibility 
that in some areas there is sufficient bottom current to 
scour the finer material off the lake bed and keep it in 
suspension. It is thought that this may be the cause of 
the higher correlation in the X2, Y3 relationship, but 
this must remain conjecture at this time. 

An additional explanation for this .relationship, not in
cluded in the traditional model, is the introduction of 
aeolian silts from the Slims River valley. The majority 
of the lake sediments are, however, considerably fmer 
than the aeolian material which was analyzed by Sticht 
(1951). His measurements were rather crude, but on the 
whole, between 53% and 61% of the sediments were less 
than 48 microns in diameter, whereas 90% of the 
material of the lake bed was finer than 48 microns. Only 
samples 2, 5, and 9 contained a smaller proportion of . 
the fmer particles. If aeolian material is of importance, it 
is fmely winnowed by the time it settles to the lake bed. 

Kluane Lake sediments apparently lack the classical 
ice-rafted material which is often connected with 
periodically ice-covered lakes. This does not imply that 
fines cannot be rafted; rather the complete absence of 
particles larger than fme sands (210-149 microns; 
2.25cJ!-3.0cJ!) argues for the absence of classic ice-rafted 
debris. This is significant in view of the lake location 
and regime. 

Even with crude analysis of sediment particle sizes, it 
is apparent that attributes other than depth of water, 
distance from shore, or input point are affecting the 
distribution of sediment size. Controls undoubtedly 
include both density and wind-induced lake currents, 
the nature of the sediment input, the nature of the lake 
bathymetry, and the stratification of lake waters. 
Normally, the lake water in the upper 0.5 m during the 
summer is approximately lOoC with the temperature 
approximately 6°C at 12- 15 m. At levels deeper than 
40 m temperatures hover around 4° _5°C. The combina
tion of the cold glacier waters and their high turbidity 
(due to glacial flour) may produce waters of sufficient 
density to flow across the lake bottom irrespective of 
the thermal stratification. On the other hand, it is 
suspected that during periods of warming of the Slims 
River there is sufficient lowering of density to allow 
the flow of water and its sediment load into the lake, 
in a manner not unlike the flow of fresh estuarine 
waters over salt water. 
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Variations In Quality and Quantity of Slims River Water, 

Yukon Territory· 

M. Leonard Bryant 

ABSTRACT. The Slims River, one of the two outlets draining the Kaskawulsh Glacier of the Icefield 
Ranges, Yukon Territory, Canada, is seen to have a variation in both quality and quantity of discharge. These 
variations, studied for several 24-hour periods during the summer of 1970, are reflections of both the diurnal 
ablation pattern of the Kaskawulsh Glacier and of a shift in the glacial drainage, a shift which is thought to be 
due to ice movements at ~he glacial terminus. Water quality and quantity were measured at the bridge where 
the Alaska Highway crosses the Slims River and its delta in Kluane Lake. In addition, several similar measure
ments were taken on tributary streams entering the Slims River below the glacier terminus. Both sets of mea
surements show a distinct change during early August; the water quantity decreased by a factor of 3 to 5 
and the quality became decidedly less fresh. The change in quality is considered to be a result of the decrease 
in the proportion of glacial meltwater in the Slims River. The effects these changes in river water may have on 
sediment regimes in Kluane Lake are briefl y discussed. 

Introduction 

One Kaskawulsh Glacier outlet, the Slims River, drain
ing a portion of the Icefield Ranges, St. Elias Mountains, 
into Kluane Lake was studied during the summer of 
1970. This study was a portion of a project dealing with 
the development of the Slims River delta and the mixing 
of Slims River and Kluane Lake waters. The present 
paper reports that part dealing with the wat.!r quality 
and quantity in the Slims River. 

The Slims River, fed primarily by the meltwaters of 
the Kaskawulsh Glacier, is one of the two outlets of the 
Kaskawulsh Glacier. Only a small portion of its flow is 
derived from the streams tributary to the Slims below 
the Kaskawulsh terminus. The second outlet, the Kas
kawulsh River, flows to the east and through the Alsek 
River system to the Gulf of Alaska (Figs. 1 and 2). 

Previous studies on the Slims River include those by 
Bostock (1952, 1969), in which several hypotheses con
cerning the direction of drainage of the water of Kluane 
Lake are presented. Bostock suggests that prior to the 
closing of the valley fork at the terminus of the Kaska
wulsh Glacier, the water from Kluane Lake flowed 
south, via the Slims River and then east, through the 
Kaskawulsh River and into the Alsek system. Thus, al
though following the same path as the water does at . 
present, the direction of drainage would be reversed for 
the length of the Slims River. This crucial valley fork at 
the glacier terminus is at an altitude of approximately 
2640 ft (805 m) or about 75 ft (23 m) above the present 

*This report has previously appeared in the Canadian Journal of 
Earth Sciences, Vol. 9, pp. 1469-1478 (19.72), and is reprinted 
here with the permission of the National Research Council of 
Canada. 
tDepartment of Geography, University of Michigan, Ann Arbor 
and Environment Research Institute of Michigan, Ann Arbor 
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level of Kluane Lake. The ice in this area retreated be
tween 12,500 and 9780 B.P. to a distance of approxi
mately 13.7 mi (22.0 km) above the junction of the two 
rivers (Denton and Stuiver, 1966). It was during this time 
that the drainage postulated by Bostock is considered to 
have taken place. 

During Pleistocene glacial advance, the Slims and Kas
kawulsh Rivers were diverted by the Kaskawulsh Glacier 
and the present drainage pattern was initiated. The lake 
outlet, the Kluane River, flowing into the White and 
Yukon Rivers was initiated by the breaching of a moraine 
dam at the northern end of the lake. This drainage pat
tern has been maintained. 

We note, however, that periodically water from the Kas
kawulsh Glacier melt is shifted from one outlet stream 
to the other. This shifting could have a considerable 

• M.' 
>- '--'-+'-' . .. 

Fig. 1. Field area, southwestern Yukon Territory, Canada. Solid 
black indicates glaciers and icefields. 
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Fig. 2. Slims River drainage basin. Solid black indicates glaciers 
and ice fields. (After DEMR Sheets 11SG, 11SF, 11SB, 11SC
EY» . 

influence on the long-term future of Kluane Lake. Similar 
diversions of water were not unknown in the past (Fahne
stock, 1969). If these diversions continue to happen, and 
if the headward erosion of the Kaskawulsh River is suf
ficient to pirate the Slims River system, then it is possi
ble that the entire drainage system could be redirected in 
a manner described by Bostock. This is speculative at this 
time because we lack sufficient data on the depth of al
luvial fill in the Slims River channel and the location of 
bedrock in the valley and under the area of the glacier 
terminus. It is seen by a brief study of topographic maps 
and as reported by Fahnestock (1969) that the gradient 
of the Kaskawulsh River is considerably steeper than 
that of the Slims River-thus the classic conditions for 
headward erosion and stream piracy are present. 

Sporadic records indicating the discharge of the Slims 
River are available (Table 1). These figures indicate the 
normal yearly cycle of glacial rivers, but also it is noted 
that occasionally there is a sudden decrease in discharge 
during the latter part of the summer (for example 1962, 
August-September). Such sudden decreases in glacial 
meltwater streams during late summer are often the result 
of early snowfalls and the consequent raising of the al
bedo of the glacier surface. Consequently, there is a re
sulting lessening of absorbed solar radiation and a re
duction of glacial melting. At the same time, if the air 
teIpperature is below freezing, melting of the glacier may 
cease entirely. The remaining discharge of the meltstream 
would then consist solely of the drainage of water stored 
in the relatively porous firn in the accumulation zone 
and within the glacial tunnels. Other meteorological 
variables are also of importance in controlling glacial 
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melt (for example liquid precipitation and wind. See 
Gudmundsson, 1970). However, it'is thought that these 
sudden decreases in the flow of the Kaskawulsh Glacier 
are due to shifts in the drainage at the glacier terminus. 

In order to pursue this line of reasoning, but at the 
same time lacking the needed equipment and support to 
conduct an extensive mass-balance study on the Kaska
wulsh Glacier and its outlets, it was decided to attempt 
to document these changes by studying the water of the 
Slims River. It was reasoned that the water flowing off 
the Kaskawulsh Glacier should be relatively fresh while 
the water introduced from the tributary streams, being 
derived from overland and groundwater flow, should 
have a larger dissolved sediment load. Also the streams 
flowing into the Slims system below the Kaskawulsh 
Glacier are generally flowing over well-worked gravel 
beds and alluvial fans. Their turbidity, as measured by 
the suspended load, should be considerably less than 
that of the water flowing directly off the Kaskawulsh 
Glacier. Thus the scheme was to monitor the Slims River 
in relation to the smaller streams, and to periodically 
overfly the terminus of the Kaskawulsh Glacier to make 
visual observations on the nature of the glacial outlets. 

Methodology 

All samples from the Slims River were collected at the 
crossing of the Alaska Highway (Mile 1059.8), a location 
approximately 14 mi (22 km) below the glacier terminus. 

TABLE 1. Recorded Discharge, Slims River, 
Prior to 1970* 

Year Date 

1955 May 25 
1962 June 27 

Aug. 9 
Aug. 16 
Sept. 27 

1963 Feb. 21 

July 3 
Aug. 3 

1964 May 6 
May 27 

1965 July 27 
July 27 
July 27 
July 27 
July 31 

Aug. 8 
Aug. 11 

Hour 

0900 
1500 
1800 
0900 
1200 

0000 
0000 

Discharge (ft'/sec) 

Ramsden 

873 
6,400 
8,890 

11,200 
133 

8 

6,330 
9,600 

125 
956 

7,550 

9,400 
9,900 

Fahnestock 

8,870 
11,250 

133 
(Dec. 27, 1962)t 

8 
(Feb. 21, 1962)t 

6,330 
9,600 

125 
1,000 
3,4oot 
3,900t 
3,900t 
4,300t 
7,550 

(June 31, 1965)t 
9,400 
9,900 

• Data from H. T. Ramsden, District Engineer, Water Survey 
of Canada, personal communication; and Fahnestock (1969, 
Table 11. 
tDates given by Ramsden and Fahnestock in disagreement. 
tMeasurements at glacier moraine; contains approximately 
70% to 90% of total flow of Slims River. 
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Water samples were taken using a Model US DH-59 depth
integrating suspended-sediment sampler on loan from the 
U.S. Army Corps of Engineers, St. Paul Office (Guy and 
Norman, 1970; George and Wark, 1966). Suspended sedi
ment particle size analysis was determined using standard 
pipette techniques described by Krumbein (1932a, 1932b) 
and modified as discussed by Prokopovich and Nishi 
(1967). This modification entails the use of wet s"ample 
for pipette analysis, thus avoiding some of the problems 
which are associated with the grain-size alternation by 
drying of the sediment sample. No peptizer was used, 
and sediments were settled in natural (that is, Slims 
River) water. 

Because the volume of the entire water sample together 
with the weight of included sediment were known, cal
culations yielding the sediment concentration (grams per 
liter) were easily made. The method of ftltering the sedi
ment «(])strem and Stanley, 1969) was not considered 
suitable because the sediment sample would be lost on 
the ftlter paper. Computations of phi (<I» notation and 
identification of sediment parameters were completed 
using the formula presented by Folk (1968) and a simple 
FORTRAN IV program. 

Because we were looking for gross changes in the water 
chemistry and not attempting to isolate a single element 
or compound, chemical measurements were conducted 
using field kits. All tests were conducted within 24 hours 
of collection, and in approximately half of the cases used 
for this study, within 12 hours. A Hach Direct Engineer
ing Laboratory was used for field measurements. 

Slims River Drainage Basin 

The major influent of the southern end of Kluane Lake 
is the Slims River, although other streams, both perman
ent and intermittent, empty into the lake. The drainage 
basin of the Slims River (Fig. 2) is difficult to accurately 
identify and outline because large areas in the Icefield 
Ranges are ice-covered and the position of the ice divide 
is possibly variable. In addition, this difficulty of deter
mining the precise boundaries is compounded by the 
previously discussed dual nature of the drainage outlet. 
The basin [780 mi2 (2021 km2 )] above the Kaskawulsh 
Glacier moraine has approximately 65% ice cover. The 
Slims River drainage basin also includes 168 mi2 (436 
km2

) of the 14 mi (22 km) long Slims River valley be
tween the glacier's terminal moraine and Kluane Lake. 
Of this additional area, approximately 15 mi2 (39 km2 ) 
or 9.1% is permanently ice covered, as compared with 
949 mi2 (2457 km2 ) of the total drainage basin (55.4%) 
which is covered with glaciers and permanent icefields 
(Fig. 2). 

Slims River Discharge 

The flow of the Slims River fluctuates both diurnally 
and seasonally (Chadhuri, 1963). The largest recorded 
discharge of the Slims is 15,000 ft'/sec; the smallest is 8 
ft'/sec (Fahnestock, 1969, Table 3; H. T. Ramsden, 
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personal communication, 1970). High (summer) discharges 
occur during late July or early August, whereas low 
(winter) discharges occur during the months of February 
to May. This, quite understandably, reflects the nature of 
the surface material of a large portion of the drainage 
basin; that is, the flow of the Slims River closely reflects 
the mass balance of the icefields and glaciers within its 
basin. 

Discharge data for the 1970 summer season were col
lected and reported by Barnett (1971) and are presented 
in Table 2. Barnett attempted to identify daily patterns 
in the Slims River discharge and to relate these flow 
variations to the daily weather. Because his weather data 

" covered only a short time period and because environ
mental observations were not highly controlled, it was 
difficult for him to draw precise conclusions. However, 
his observations were indicative of the daily variations 
in the Slims River flow for several 24-hour periods. The 
peak flows occurred during the period of 2200 to 0200 
hours, while minimum flows were generally between 
1700 and 1900 hours. Thus the flows were several hours 
out of phase with an ideal ablation pattern controlled 
primarily by insolation. [Fahnestock (1963) reports peak 
flows in discharge between 1500 and 1700 hours, mini
mum between 0800 and 0900 hours; Rainwater and Guy 
(1961) show peak flows below the Chamberlain Glacier 

TABLE 2. Discharge, Slims River, Summer 1970* 

Month 

June 
July 

August 

Day 

30 
05 
05 
05 
06 
06 
06 
08 
08 
09 
15 
19 
19 
19 
20 
20 
20 
30 
04 
04 
04 
05 
05 
05 
06 
07 
07 
07 
08 
12 

Hour 
(YST)t 

1500 
1400 
1800 
2100 
0000 
0700 
1300 
1900 
2200 
1400 
0300 
1500 
1800 
2100 
0000 
0300 
0900 
1400 
1500 
1800 
2100 
0000 
0300 
0900 
1500 
1200 
1500 
2100 
0000 
1500 

-After Barnett (1971, p. 10). 
tYukon Standard Time. 

Velocity Discharge 
(ft/sec) Ift'/secl 

2.37 3840 
2.07 3953 
2.15 4117 
2.55 4875 
2.43 5569 
1.89 4319 
2.12 4733 
2.14 4768 
2.66 5688 
1.15 3639 
3.04 6949 
2.22 3784 
2.33 3970 
2.60 4421 
2.64 4640 
2.61 4365 
2.19 3674 
1.77 3961 
0.34 732 
0.31 654 
0.37 792 
0.43 917 
0.42 875 
0.39 811 
0.40 868 
0.41 847 
0.30 610 
0.35 717 
0.42 860 
0.30 601 
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Fig. 3. Terminus of Kaskawulsh Glacier. The Slims River flows toward Kluane Lake to the left; the Kas
kawulsh River flows to the east in the left background. Kaskawulsh Glacier in middle ground and to the 

right (photo by Cheryl Lougeay, August 4, 1970). 

between 1600 and 2000 hours and minimal flows at ap
proximatel y 0800.) This lag in discharge for the Slims is 
thought to reflect the distance between the Kaskawulsh 
Glacier terminus and the gauging site at the Alaska High
way bridge, as well as the more than 30 mi (48 km) of 
glacier surface which some of the water must cover below 
the fun line. However, Barnett's data show a more inter
esting fluctuation in the Slims River discharge. During 
the four-day period from July 30 to August 4 the river 
discharge dropped considerably, from 3961 to 732 ft' / 
sec. This drop is certainly not a reflection of the weather 
on the glacier; that is, it was not induced by the abru pt 
termination of ablation on the glacier. If previous years' 
data are any indication of the trend which would be ex
pected, this should be the period of maximum glacial 
stream discharge. This sudden change in discharge was 
thought to be related to the diversion of meltwater at 
the glacier terminus. A short flight to the glacier 
terminus confirmed this speculation (Fig. 3). 

Slims River Water Quality 

Dissolved load. These variations in Slims River discharge 
denote the removal of a major supply of water_ Also, the 
quality is altered, for the proportion of input from the 
several small tributaries which drain directly into the 
Slims River valley is increased relative to the Kaskawulsh 
Glacier runoff. These tributaries do have some glacial 
headwaters (Fig. 2) and all flow across small alluvial fans 
into the Slims River. They exhibit, except in times of 
flood, drainage patterns common to alluvial fans; that is, 
anastomosing channels with disappearing streams which 
reappear at the base of the fan. The effect this change in 
water supply has on the quality of the Slims River water 

(Table 3) is shown in the fairly high correlation between 
discharge (CFS) and the sediment load (GML), total al
kalinity (TALK), total hardness (THRD), sulfate con-
tent (S04) and turbidity (TURBID). For the fust and 
last items mentioned, there is a strong positive relation
ship (CFS vs GML; CFS vs TURBID), for the others, a 
strong negative relationship is apparent. Simply stated, as 
the flow of the Slims River increases, there is a commen
surate increase in both the sediment load and the turbidity, 
and a decrease in the dissolved chemical load as measured 
by TALK, THRD, and S04 measurements. This is inter
preted to mean that the Kaskawulsh Glacier is both the 
source of the majority of the suspended sediment and 
the supplier of fairly fresh water to the Slims River sys
tem. 

Conversely, the smaller tributary streams provide the 
majority of the dissolved chemical load and a relatively 
small proportion of the suspended sediment to the Slims 
River. A similar relationship was observed by Rainwater 
and Guy (1961, p. C-5) for the Chamberlain Glacier, 
Alaska, where the two main suppliers of water were gla
cial melt and groundwater. They state: "The system 
consists essentially of a rather stable discharge from the 
ground environment that is diluted to varying degrees 
with relatively pure precipitation and glacial meltwater." 

That the correlations indicated in Table 3 are not unity 
is partially accounted for by the variations in the flows 
of the several tributary streams and the fact that each 
stream did not carry the comparable discharge or dis
solved load. In other words, the Slims is a composite of 
the several streams and often has the Kaskawulsh 
Glacier as a major input. 
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TABLE 3. Correlation Matrix for Water Qual ity and Quantity, Slims River, Summer 1970 

Variable CFS GML TALK THRD S04 TURBID VFT/S 

CFS 1.0000 
GML 0.8929 1.0000 
TALK -{).8901 -{).9049 1.0000 
THRD -{).9329 -{).8298 0.9154 1.0000 
S04 -{).9068 -{).7601 0.8653 0.9722 1.0000 
TURBID 0.8980 0.8250 -{).8606 -{).9367 -{).9363 1.0000 
VFT/S 0.9642 0.7909 -{).8238 -{).9496 -{).9472 0.9179 1.0000 

Notes: CFS = discharge; GML = sediment load; TALK = total alkalinity; THRD = total hardness; S04 = sulfate content; TURBID = tur
bidity; VFT/S = current velocity . 

Unfortunately, near simultaneous measurements are 
available for only one day (July 9,1970) for the several 
tributary streams which were monitored. Equally un
fortunate, they are not the largest tributaries of the 
Slims system. In most cases given in Table 4, however, 
the Slims River as a whole is fresher and more turbid 
than any of the several creeks tributary to it and on July 
9,1970, the two measured creeks contributed only a 
very small proportion (approximately 3%) of the total 
discharge of the Slims River. 

Suspended sediments. Variations in the quality and 
quantity of the Slims River discharge are also reflected 
in variations in the suspended sediment load. What may 
seem, at Hrst glance, to be an odd relationship exists. In 
alluvial channels, transported sediment sizes (FLKMEN) 
generally increase with increasing velocity (CFS) of the 
transporting river. This is also true for the Slims River 
case, as indicated in Table 5. 1 However, if one considers 
that the Kaskawulsh Glacier, not the tributary streams, is 
the major supplier of frne materials (that is, glacial flour) 
to the Slims River system, it would be expected that an 
increased discharge would mean a decrease in the median 

I The negative correlation shown in Table 5 is not in error. Be
cause 'rp = -log2 t (in which rp is the Wentworth exponent, t is the 
grain diameter in mm), as rp increases, grain size decreases. This 
system transforms the Wentworth logarithmic scale to an arith
metic grade scale and can thus be easily used for statistical mani
pulations (Krumbein, 1934). 

size of the suspended load (that is, increased FLKMEN). 
Nevertheless, it is the current velocity, together with 
several properties of fluid flow, and sediment concen
tration, not discharge, which are the major controlling 
factors in the size of the suspended sediment (Briggs and 
Middleton, 1965; Hjulstrom, 1935). The relationship be
tween FLKMEN and current velocity (VFT/S) for the 
Slims River gives a correlation of -0.66. The work of 
Q)strem, et al. (1967) concerning time of peak sediment 
loads is of particular interest at this point. 

Fleming and Poodle (1969), in a study of several 
Scottish rivers, note that there was no increase in the 
mean or median particle size of suspended sediment with 
an increase in discharge; rather the sediment sizes, to
gether with their standard deviations, were quite constant 
for the three rivers they studied. One of their conclusions 
is " ... that rivers transport sediments in suspension more 
according to their availability rather than on hydraulic 
considerations" (Fleming and. Poodle, 1969, p. 438). 
One would not wish, however, to carry this argument 
too far, for there is obviously a point where Hjulstrom's 
diagram, or some variation thereof, comes into play
that is, where the supply consists of particles too coarse 
to be carried. For the Slims River, the relationship of 
velocity and sediment concentration yielded a correla
tion of 0.79 and for discharge (CFS) vs sediment con
centration (GML) a correlation coefHcient of 0.89. Both 
of these are signiHcant at the 1% level as measured by 
the F-statistir.. 

TABLE 4. Synoptic Data for the Slims River and its Tributaries, Summer 1970 

Date 
River 

Hour TALK THRD S04 TURBID Temp Discharge 
(1970) (YST) (ppm) (ppm) (.ppm) (JTU) (oC) (ft' /sec) 

Jun 25 Slims 1600 90 125 47 480 11 .0 M 
Vulcan 1830 75 155 95 109 7.2 M 

Jul09 Slims 1700 70 115 59 960 8.3 3639 
Vulcan 1500 100 205 145 49 10.0 64.6 
Sheep 1700 175 210 110 500 8.0 43.5 

Jul 18 Slims 1300 85 110 50 760 6.0 M 
Bullion 1300 100 210 210 10 5.0 M 
Sheep 1300 160 215 130 42 9.4 M 
Vulcan 1300 115 230 170 5 7.2 M 

Jul31 Slims 1300 90 125 35 590 7.2 M 
Vulcan 1500 150 160 120 175 7.7 M 
Sheep 1600 170 225 120 28 14.2 M 

Notes: YST = Yukon Standard Time; TALK = total alkalinity; THRD = total hardness; S04 = sulfate content; TURBID = turbidity; 
JTU = Jackson turbidity units; M = missing data. 
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TABLE 5. Correlation Matrix for Suspended Load Measurements and Discharge, Slims River, 
Summer 1970 

Variable CFS GML TURBID VFT/S FLKMEN GRSTDV GRSKIN GRAKUR 

CFS 1.0000 
GML 0.8929 1.0000 
TURBID 0.8980 0.8250 1.0000 
VFT/S 0.9642 0.7909 0.9179 1.0000 
FLKMEN -0.7214 -0.6569 -0.6992 -0.6558 1.0000 
GRSTDV 0.6862 0.6304 0.5770 0.6482 -0.5758 1.0000 
GRSKIN -0.1753 -0.1144 ...:0.2332 -0.1877 0.0231 0.0554 1.0000 
GRAKUR -0.0209 -0.1643 0.1832 0.1209 0.2738 -0.3477 -0.3477 1.0000 

Notes: CFS = discharge; GML = sediment concentration; TURBI D = turbidity; VFT/S = current velocity; FLKMEN 
= sediment mean diameter; GRSTDV = sediment particle size, standard deviation (graphic); GRSKIN = sediment 
particle size, skewness (graphic); GRAKUR = sediment particle size, kurtosis (graphic). 

Density. A third effect of the change in the discharge 
of the Slims River was in the density. According to Hem 
(1959, p. 30) for all practical purposes Cl ••• no serious 
error is introduced by assuming unit density unless the 
concentration of dissolved solids is more than 7000 ppm." 
Rainwater and Thatcher (1960) note that this value of 
7000 ppm has been arbitrarily selected by the U.S. Geo
logical Survey as a concentration above which dissolved 
material must be considered in density , computations. 2 

A short program was written to compute the density 
of the Slims River water under the following conditions: 
(1) with total dissolved load, together with the suspended 
material and temperature corrections; (2) with suspended 
load and temperature correction only (that is, without 
dissolved load); and (3) with total dissolved load, tem
perature correction, and a percentage of the suspended 
sediment load removed. 

It is noted in Table 6 that the density of the water 
with or without the dissolved load changes only about 
0.02-0.03%. It was stated earlier that the dissolved load 
of less than 7000 ppm could be discounted because it 
would alter the total density by less than 0.1%. This 
statement is confIrmed. The consideration of the sus
pended load is highly critical, as indicated by the sam
ples listed in Table 6. A change in density with 95% 
decrease in sediment load (of that measured load) is in 
the range of 0.1 to 0.4%. 

2 Rainwater and Thatcher, p. 161, also state that "A dissolved
materials content of 1000 ppm, increases the density of the solu
tion by slightly less than 1 g per kg, or less than 0.1 percent . .. " 

Such variations in water densities are of importance 
when the distribution of sediment in the southern end 
of Kluane Lake is to be considered. Several types of 
density flow are possible and are dependent on the rela
tive densities of the inflowing water and the standing 
water in the receiving basin (Bates, 1953; Bell, 1942). 
The results of these variations are not discussed at pres
ent because data concerning the nature of the currents 
and waters in Kluane Lake are not presented. 

Conclusion 

With regard to inputs from the Slims River into the 
southern end of Kluane Lake we observe the following: 
(1) The variations in the Slims River discharge are not 
wholly climatologically induced. Rather the shift of 
drainage from the Slims system to the Kaskawulsh sys
tem may cause a sudden drop in the discharge of the 
Slims River. 
(2) As the Slims River discharge decreases due to this 
diversion, the quality of the water is altered by an in
creased concentration of dissolved material and a de · 
creased suspended-sediment concentration. Sediments 
during this time tend to be fmer. This is possibly due to 
the lower river velocity, but may also be a result of sedi
ment inputs upstream. 
(3) The major source of suspended load in the Slims 
River is the Kaskawulsh Glacier, whereas the tributary 
streams below the Kaskawulsh terminus supply the bulk 
of the dissolved load. 

The importance to the Kluane Lake waters, and the 
sediment regimes of Kluane Lake, is immediately 

TABLE 6. Density of Water, Selected Samples, Slims River, Summer 1970 

Date 
Time 

Temp 
Density 

Density without Suspended sedi- Density with 5% Density Q 

(1970) (oC) dissolved load ment (GML) of sediment load (% change) (CFS) 

Jun 13 1400 4.1 1.0019102 1.0015755 1.5769 1.0004120 0.2 
Jun 20 1400 9.7 1.0033865 1.0031185 3.3658 1.0001888 0.4 
Jun 30 1500 8.2 1.0017042 1.0014629 1.6003 1.0001841 0.2 3840 
Jul06 1300 7.0 1.0029297 1.0027075 2.7782 1.0002909 0.3 4733 
Jul16 1500 4.0 1.0018425 1.0015917 1.5927 1.0003319 0.2 
Jul30 1400 12.0 1.0023031 1.0020761 2.5518 0.9998813 0.3 3961 
Aug07 1500 8.3 1.0007000 1.0002871 0.4303 1.0002958 0.1 610 
Aug 12 1500 7.2 1.0009413 1.0005035 0.5843 1.0003881 0.1 601 
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obvious; with the lower input of water there is a conse
quent decrease in suspended-sediment input and an in
creased input (per unit) of dissolved material. These 
changes in input, especially of suspended sediment, are 
usually considered as a seasonal variation, with one maxi
mum and one minimum per year, over which are super
imposed daily variations. Such is the model generally 
used as an explanation for the formation of varves in 
glacial lakes. 

However, these variations are not entirely controlled 
by the season. In the case of the Slims River and its 
glacier system, there is an added complication of the 
mid-seasonal changes in the discharge which effectively 
caused changes in sediment and dissolved load concen
tration. There is no case on record of the shifting of the 
glacial drainage back to the Slims River later in the sea
son, but it is not beyond the realm of possibility. Should 
this happen, it would cause an increase in the sediment 
input into the lake, which, if sufficient, could be retained 
in the sediment record and give rise to a series of false 
"annual" layers not unlike the false rings (due to 
climatic perturbations) studied in dendrochronology. 

The data presented in this paper emphasize the need to 
recognize that variations in the flow of glacially fed rivers 
may not conform to the more simplistic models, as has 
often been contended. That these shifts in water quality 
and quantity did occur at the height of the glacial ab
lation season is of major significance and such occur
rences should be taken into account for glaciers which 
have the requisite topographic features near their termini 
to allow such drainage diversions. 
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Water M asses in Southern Kluane Lake 

M. Leonard Bryan* 

ABSTRACT. The effects of alterations in both the quality and quantity of water inputs into a glacially .fed 
lake on the movement of the included sediments is the major theme of this paper. Althoug~ th~ ch~m.lcal 

uality of the water of the influent (Slims River) and the recipien: wat~r bod~ (Kluane Lake). IS qUite similar, 
~ere are differences, normally associated with the lake fluctuatlo~s,. m the mfluents quantlt~ that are suf
ficiently distinct to enable identification of the water sources. Turbidity of .the water I~ dete:m.med t~ ~e the 
best identifier for tracing movement of waters in Kluane Lake . However, this measure IS of. limited ~tillty be
cause of continuing deposition of sediments on the lake bottom. Temperatur~ and. chemical q~allty of the 
water are of lesser importance for such studies in this particular case. The relationship ~f local wmds ~nd ~he 
turbid plume, extending lakeward from ~he Slim.s River mouth .. is discussed. These wmds are of major im

portance in determining the areal and spatial locatIOn of the turbid plume. 

Introduction 

Recognizing the various parcels of water as they move 
across a lake is as important to the lirnnologist as the 
identification and tracing of air-mass trajectories is to the 
regional climatologist and forecaster. This paper ~s con
cerned with the quality and movement of water ill the 
southern portion of Kluane Lake. It was recogni?oed in a 
previous paper (Bryan, 1972) that the Slims River ~s sub
ject to rather sudden shifts in its quality and quantlt~, 
presumably due to glacial movements at the head of Its 
valley; not only is the water rendered less fresh, but there 
are some important changes in the sediment content of 
the river. Several vertical promes of the lake, both near 
shore and near the center of the lake, are presented to 
aid in emphasizing the vertical structure of the water 
body and the identification of a parcel of river water mi
grating across the lake. That the river-b~rne sediments. 
must be deposited in the southern portlOn of the lake IS 
readily evident. 

The Lake Water 

The water 'in the southern portion of Kluane Lake is 
chemically and physically much the same as the Slims 
River water because the major water source for the lake 
is the Slims River (Bryan, 1972). However, because the 
lake water is generally less turbulent than the river water 
and less mobile in terms of absolute velocity, the sedi
ments tend to settle from the river water as it encroaches 
into the lake. Consequently, the lake water is less turbid. 
Since there is considerable variation in the Slims River 
quality-as measured by the dissolved chemical load
there are periods when it is possible to iden tify parcels 
of Slims River water as they intrude into the lake. This 
is especially true during periods of low flow of the Slims 
River. 

*Envitonmental Research Institute of Michigan, Ann Arbor 
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In measuring the quality of the lake water, the same 
measurements as were described for the Slims River 
(Bryan.1972, and pp. 155-161 of this volume) were con
ducted: total alkalinity, total hardness, turbidity, sulfate 
content, and suspended load. The only difficulty en
countered in measurements involving the lake water was 
the determination of suspended load. This was because 
the suspended sediment load was generally low, and the 
samples were small (0.5-1.0 liter, depending upon the 
size of the Van Dorn bottle used for a particular cast). 
Consequently, it was considered reasonable to attempt 
to calculate the suspended load from .the measured tur
bidity. There is a fairly high correlation between the sus
pended load and the turbidity of the Slims River water. 
Several authors (Kunkle and Corner, 1971; Grassy, 1943; 
Lewis, 1970) have suggested that turbidity measurement 
can be used to determine the suspended load, but not to 
determine the size distribution of these suspended par
ticles. 

Determination of suspended sediment concentration. 
Grassy (1943) had as an objective the establishment of a 
relationship between turbidity and suspended sediment 

. which (1) allowed utilization of old turbidity records to 
predict sediment load; and (2) determined if it was ~os
sible, by the use of turbidity measurements, to predict 
suspended sediment accurately enough to forego its mea
surement. His studies involved samples from which all 
sediments 0.061 mm (250 mesh screen) and larger had 
been removed. For samples having turbidities beyond the 
range of his instruments, a dilution technique, described 
in the paper, was employed. He noted (p. 453) that al
though changes in concentration of suspended matter 
were reflected in turbidity, the "suspensions of river silt 
should not be used as turbidity standards unless their re
liability is checked over a sufficient period of time." 
Conversely, it was also noted that, for the study area, the 
relationship between turbidity and suspended matter 
followed a definite pattern. 
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Based on three northeastern Vermont watersheds
ranging in size from 6.3 mi2 (16.2 km2

) to 16.8 mi2 

(43.5 km2 )-Kunkle and Corner (1971) determined that 
the equation Y = AXb was best suited for predicting the 
suspended sediment load from the measured turbidity, 
where Y is suspended sediment concentration, X is tur
bidimeter reading, and A and b are constants. Their 
standard error was 186 mg/l over a range of 16 to 6,366 
rng/l for 156 observations. 

A similar equation was determined for the several 
samples of the Slims River. The resulting regression 
equation is: 

ALOGlO(GML) = [(0.0285*TlJRBID) + (--0.8213)] (1) 

or 

GML = 10** [(0.0285*TURBID) + (-0.8213)] (2) 

in which GML is the sediment concentration in grams 
per liter and TURBID is the turbidity in J ackson Tur
bidity Units (JTU). 

The correlation between ALOG10(GML) and TUR
BID was found to be 0.9395 and the standard error of 
estimate, 0.12 gm/I. With this equation it was possible 
to determine the suspended sediment of the Slims River 
with an accuracy of -51% to +65%. (A positive error in
dicates that the computed GML was larger than t.he mea
sured GML by the percent given.) 

Because the maximum observed lake turbidity was less 
than 550 JTU, equation 2 was developed using only river 
samples with a TURBID ~ 550 JTU. A formula using all 
measured turbidities of the Slims River (maximum TUR
BID = 1780 JTU), which was also tried, gave a correla
tion of ALOG10(GML) and TURBID of 0.9239, but the 
error was between -70% and +101%. Hence, equation 2 
was used, .giving a higher correlation and a lower percent
age error. It must be reemphasized, however, that equa
tion 2 could not be used to predict GML for turbidities 
greater than 550 JTU (for example, as TURBID approach
es 800, the error approaches 900%). 

M. LEONARD BRYAN 

Fig. 1. Locations of 1970 deep-water sampling stations in Kluan 
Lake. 

Comparison of river and lake water. Table 1 compares 
data for several river and lake samples taken at approxi
mately the same time. It is readily noted that the river 
and lake water have major differences in turbidity and in 
water density. Although the Slims River water often was 
warmer than the water of Kluane Lake, river-water 

TABLE 1. Comparisons of the Water Quality of Slims River and Kluane Lake 

Location Time TALK THRD S04 TURBID DENSITY pH 
Q TEMP 

(YST) (ppm) (ppm) (ppm) (JTU) (ft3 /sec) tC) 

July 9,1970 
Slims River 1400 70 110 59 960 1.0021811 8.1 3639 8.3 
Kluane Lake 

Station 254 1910 80 110 47 25 1.0003929 713 5.8 
Station 251 1850 80 115 50 2 1.0003614 7.8 6.2 
Station 237 1631 80 120 55 0 1.0003443 7.7 6.9 

August 8, 1970 
Slims River 0000 105 185 120 190 1.0007000 7.6 860 8.3 
Kluane Lake 

Station 409 1332 90 115 47 0 1.0001755 7.8 7.5 
Station 410 1545 85 125 42 0 1.0001993 7.7 9.2 
Station 411 1710 90 125 42 0 1.0002193 7.6 9.0 
Station 412 1948 90 115 44 0 1.0002661 7.4 8.2 

Note: TALK = total alkalinity; THRD = total hardness; Q = discharge; S04 = sulfate content; TUR BI D = turbidity, 
Jackson Turbidity Units. 
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Fig. 2. Profiles of density, temperature, and turbidity for Stations 255, 258, and 259. For locations of 
stations, see Figure 1. 

density, due to the turbidity, is considerably higher than 
that of the lake water. The dissolved load of the two 
water types was essentially the same except for periods 
when the river discharge was low. Figure 1 identifies lo
cations from which lake samples were collected. 

Figure 2 illustrates promes at three stations in Kluane 
Lake during the 1970 season. Several points should be 
mentioned. First, densities generally increase with in
creased depth of the sample, but there are several oc
casions when this is not true. At station 255 [60-ft depth 
(18 m) 1, there is a slight decrease of density with in
creased depth. This inversion of the expected density 
prome is considered to be due to the increased turbidity 
at the 30-t't (9-m) sample, thus increasing the density of 
this upper layer. This denser layer is considered to be 
the result of outflow from the Slims River, moving as a 
density layer across the lake (an "interflow" according 
to Bell, 1942) on its way to a lower level. It is not the 
result of a stagnant condition. 

Second, there is in all cases a drop in temperature with 
increased depth of the lake; temperatures at the base of 

. the profiles, between 3.7°C and 4.2°C, are very close to 

the temperature of maximum fresh water density (Str9'>m, 
1945). 

It is also noted, when considering the several tempera
ture promes, that there is a general lack of a thermocline, 
as introduced and defined by Birge (1898, 1904). Origi
nally defined as "that stratum in which the temperature 
gradient equals or exceeds 1°C per meter of depth" 
(Frey, 1966, p. 7), its definition is considered "quite 
arbitrary" by Hutchinson (1957, p. 428) and "quite 
realistic" by Frey (1966, p. 7) . In either case, it is ap
parent from the temperature promes in Figure 2 that a 
"thermocline," so defined, is not developed in Kluane 
Lake at these stations. 

Bronsted and Wesenbery-Lund (1911, quoted in 
Hutchinson, 1957, p. 424) redefined the thermocline to 
be "the plane of maximum rate of decrease in tempera
ture." Bazin and Saunders (1971, p. 92) dei'ined the 
"true thermocline as a plane lying midway between the 
two boundaries of the metalirnnion ... each boundary 
defined as a rapid change in the rate of temperature de
crease as a function of depth." To further quantify this 
definition, the authors suggest that the temperature 
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profile at the upper boundary of the metalimnion should 
have a slope whose absolute value is greater than or equal 
to 0.5, and preferably greater than 1.0, but in no case 
would a thermocline be considered to have developed if 
the absolute value of the slope were less than 0.5. The 
lower boundary of the metalimnion was defined by 
Bazin and Saunders as being the line associated with the 
best fit to a slope whose absolute value was less than the 
absolute value of the slope at the upper boundary. Stated 
differe n tI y: 

(3) 

(4) 

where 

Su = the slope at the upper boundary 
SI = the slope at the lower boundary of the metalim-

mon 
D t = the depth of the thermocline 
Du = the depth of SI< 
D/ = the depth of SI 

This definition was used to establish the thermocline for 
several profiles (Fig. 2). Note that the depth of the ther
mocline is variable, but quite deep (40-80 ft, 12-24 m) 
for a lake of this size and latitude. These therrnoclines 
are very weak and are readily destroyed by storms or by 
a change in the Slims River water temperature. 

Finally, at each station studied there is an obvious as
sociation between turbidity , density, and the location of 
the station. Although in all three cases the stations were 
located within the turbid plume of the Slims River, only 
at Station 255, directly off the front of the submerged 
delta, is the highly turbid water of the Slims obvious at 
any significant depth. Apparently the river water is 
streaming off the submerged delta and is identifiable as 
far as Station 255, approximately 3000 ft (900 m) from 
the submerged delta front. By the time the water has 
reached the location of Station 258, it is less turbid, al
though there is still a slight increase in turbidity near 
the bottom of the water column at this station. The ab
sence of a turbid bottom layer at Station 259 is explain
ed by both the topography (Bryan, pp. 171-187, this 
volume) and the station's location away from the main
stream of the river's submerged density curren ts into 
the lake. 

Because the turbid river water has a higher density than 
the lake water, it flows below the lake water and is con
sequently channeled by the sub-Iacustrine topography. 
Therefore, the areas of sediment deposition are, in part, 
topographically determined, (pp. 171-187, this volume). 

By the time the water reaches stations farther to the 
north, turbidity through the column has dropped to es
sentially 0 ]TU and near the bottom to less than 3 or 4 
]TU. Generally, such a low turbidity indicates a GML of 
less than 0.] gm/I. Assuming that a water sample near 
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the bottom at Station 355 is from a water parcel pre
viously located at Station 255, approximately 90% of its 
sediment load would have to have been deposited in order 
for it to carry a sediment load of such low magnitude. It 
is thus apparent that the sediment load is by and large re
stricted to the southernmost portion of the lake. Even 
by the time the water, such as that at the base of the 
Station 255 column, has reached the location of Station 
258, the computed sediment load has been reduced by 
about 75%. This, of course, requires the assumption that 
we are dealing with a single moving parcel of water. 

The Turbid Plume 

A pertinent aspect of the turbidity investigation is the 
identification of a definite surface current discontinuity 
at the plume boundary. Examination of Secchi disk 
transparency measurements indicates that the plume 
boundary was identified most markedly at approximately 
the 5-ft (l.5-m) Secchi disk isopleth. 

Figure 3 shows the turbid plume which extends into 
the lake from the Slims River mouth. This plume is near
ly always visible during the entire summer period, but 
its location is not stagnant. The results of Secchi-disk ob
servations in June and July are shown in Figure 4 as iso
pleths of depth of transparency. These isopleths estab
lish the positions of the turbid plume on the dates ob
served. Each map is a composite of data collected over 
several hours. 

During the period June 26 to July 14, 1970 six sets of 
stations were occupied. It is noted that the edge of the 
plume identified on the isopleth maps is unstable. Also, 
there are considerable variations in Secchi-disk depths 
within the plume. For example, on June 29 a zone of 
deeper Secchi-disk depths adjoins an area where the iso
pleths are several feet shallower. During this period, 
there was a light wind from the WNW (300

0 
at 3 mph), 

but just before these readings were taken there had been 
a strong wind from the east (090

0 
at 14 mph). This wind 

was instrumental in aiding the formation of a sharp 
plume boundary and in the formation of the area of 
slightly deeper transparency within the plume itself. The 
very turbid water was forced to remain close to the del
ta front by the surface waters moving west under the 
wind. By 1600 YST the wind had shifted to WNW and 
dropped to 3 mph, allowing the water from the Slims 
River to move farther into the lake. The influence of 
the earlier winds was, however, still visible in the south
erly trend of the plume to the north of the island and in 
the enclave of clearer water which was pressed against 
the southern shore of the island. 

It is believed that a circulation, resulting from both the 
flow from the Slims River and flow induced by the wind, 
is instrumental in forming the pattern shown in Figure 
4b. The diffused nature of the turbid water south of the 
island is particularly important. Although not indicated 
in Figure 4b, there are occasions when small bodies of 
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Fig. 3. Kluane Lake as seen from the air . Slims River delta is in foreground. (Alaska Highway and 
bridge appear as a straight line across the delta.) Turbid plume can be seen extending from the del· 
ta into the lake. (Photo No. T6·1l9R, National Air Photo Library, Surveys and Mapping Branch , 

Department of Energy, Mines and Resources, Ottawa.) 

clearer water actually penetrate westward-to overlie the 
submerged portion of the river delta and form a slightly 
less turbid zone between the island and the northern lake 
shore. During these times the river water flows under the 
lake water, rises to the surface as the edge of the sub
merged delta is approached, and then forms a plume not 
unlike the one illustrated. 

On July 7 (Fig. 4d), 65 stations were occupied, again 
with the intent of identifying the turbid plume. During 
this period the very turbid water penetrated beyond the 
island and into the lake body proper, with the 2-ft (0.6-
m) isopleth at approximately the same position as in 
Figure 4b. In this case the 5-ft (l.5-m) isopleth has an 
entirely different configuration, extending considerably 
farther into the lake and well beyond the location of 
the 25-ft (7.6-m) isopleth in the earlier figure. The whole 
plume, with its edge identified by the 25-ft isopleth, 
migrated into the lake for approximately 0.7 to 1.0 km, 
and formed an increasingly steep gradient at its front. 
This occurred during a period when winds were from 
the SW quarter (190

0 
at 6 mph to 250

0 
at 7 mph). Thus, 

the winds aided the extension of the plume, just as wind
induced currents had earlier curtailed its extension into 

the lake. An important aspect of Figure 4d is the exis
tence of the two turbid plumes, one on either side of 
the island. 

During the later periods (Figs. 4e and 4f), the plume 
was identified across the entire southern portion of the 
lake. Both the Slims River plume and that from Silver 
Creek are easily recognized. During this time the winds 
were from the SSW and Wand ranged from 4 to 13 mph. 
Un July 9, the plume from the Slims River was identifiable 
on both sides of the island, but most strongly identified 
on the southern side of the island. This is unusual, be
cause for several hours prior to the data collection 
period the wind had been calm and the plume would be 
expected to extend across the submerged delta and into 
the lake on the island's northern side. Here the 25-ft 
isopleth has migrated a considerable distance up the 
lake (approximately 2.5 to 3.1 mi; 4 to 5 km) beyond 
its position in Figure 4d. By July 14 the 25-ft isopleth 
had retreated, forming an essentially straight line across 
the lake (from the small peninsula south of Horseshoe 
Bay to the entrance of Christmas Bay). Within the plume, 
the gradient of transparency depths was quite shallow 
and again the influences of both Silver Creek and the 
Slims River are quite apparent. 
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Fig. 4. Secchi-d isk transparency isopleths (in feet), during periods indicated on the maps. 

Within the plume and generally at the 5-ft transparency 
isopleth, there is no surface mixing of the water. Rather, 
the surface water flows from both sides of this plume 
toward the plume boundary, meets, and is deflected 
downward to form two fairly large water masses whose 
circulation is vertically oriented. The boundary of these 
two water masses is easily identifiable by the line of 
twigs, limbs, leaves, and similar floating debris which 
had washed down the river. The sediment carried by the 
river water is also carried downward into the lake, thus 
hastening its time of deposition. The fact that this junc
tion of the two bodies of water migrates is of major im
portance in determining the nature of the bottom sedi
mentation processes. 

The two vertically-circulating water bodies are not 
closed systems. This is apparent because the Slims River 
is continually introducing water into the body closest to 
its mouth. This would argue for enlargement of this 
water mass, and thus, its extension farther into the lake. 
However, during periods of northerly winds, the edge of 

the plume is moving in the opposite direction, that is, it 
is retreating toward the Slims River mouth. There must 
therefore be a considerable outflow of water from the 
lower portion of this vertically circulating body into the 
rest of the lake. This accounts for the variable gradient 
in the spacing of transparency isopleths (Fig. 4). 

Conclusions 

In nearly all cases, the water in the lake is chemically 
identical to that of the Slims River-a conclusion which 
is hardly startling since the Slims River is the major 
source of water for this portion of the lake. On the other 
hand, there are some differences in temperature, density, 
and turbidity (sediment content) which are of major im
portance in the development of density currents across 
the lake. In this respect, the lake water is less dense than 
the river water, due primarily to the decreased sediment 
content. The water in the center of the lake is essentially 
sediment free, even near the bottom of the observed 
water columns. 
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The plume of the two major influents is easily identi
fiable and has been demonstrated to be of variable posi
tion through a period of time, migrating 4 to 5 km during 
a three week period. In general, the plume is weak during 
periods when local winds are calm, and quite strong 
when either northerly or easterly winds move surface 
lake waters toward the river mouth. Changes in water 
turbidity at the surface as well as a discontinuity in sur
face currents identify the edge of the plume. (Water 
from both sides of the plume boundary flows toward 
the plume.) 

This phenomenon, together with turbidity data at 
depth, suggest that the submerged plume boundary may 
be difficult to define because the circulation of all 
water would be downward and presumably at compa
rable velocities. Two large, vertically-oriented gyres are 
apparently operating on opposite sides of the plume 
boundary. 
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Sublacustrine Morphology and Deposition, 

K luane Lake, Yukon Territory 

M. Leonard Bryan * 

ABSTRACT. A bathymetric map of the southern one-third of Kluane Lake based upon soundings taken 
during the 1968 and 1970 field seasons is presented. An earlier map is given to indicate the soundings avail
able for the remainder of the lake. It is noted that the southern part of the lake consists of a deep basin while 
the northern portion of the lake bed is a large, shallow, and reasonably flat shelf. The central portion of the 
lake bed between the mouth of the Gladstone Creek and Thorston Bay remains unmapped. 

Bathymetric features including (1) the growth of the Slims River delta, (2) slump features off the Slims 
River and Silver Creek, and (3) levees on the submerged portion of the Slims River delta are discussed in 
detail. 

In addition, several physical measurements of the bottom sediments are discussed, from the point of view 
of the usefulness of the data, and for comparison with similar measurements of sediment discharged through 
the Slims River system. Isopleth maps indicating the distribution of these deposits are presented and dis
cussed, especially with respect to the water masses and Slims River inputs discussed in earlier papers. Several 
suggestions are offered in explanation of the observed distribution. 

SUBLACUSTRINE MORPHOLOGY 

Introduction 

In 1945 a field party under the direction of H. S. Bostock 
conducted soundings of the northern portion of Kluane 
Lake. The resulting map (Fig. 1) is reproduced from 
Bostock (1969). In the portion of the lake north of Sand
spit Point all depths in the area labeled "very shallow 
area" are less than 20 ft (6.1 m), and although not indi
cated on Bostock's map, he states (1969, p. 5), "Close to 
the west shore of the lake there is a channel leading into 
the Kluane River ... but nothing suggests that this chan
nel is more than 10-15 ft (3.0-4.6 m) deep." A later, 
preliminary bathymetric map concerned with the south
ern most portion of the lake, based on the author's 1968 
work, was given by Bryan (1970 and pp. 151 of this 
volume). 

Soundings made during the 1970, field season dictated 
some modifications of the map based on the 1968 read
ings. The revised map is presented here as Figure 2. In 
the large, open bay in the southern portion of the lake, 
sounding work had been intensified, permitting final 
definition of the contours. In addition, the soundings 
were extended north beyond Cultus Bay. This provided 
detailed confirmation of the enclosed basin which was 
suspected from Bostock's map. 

Lake levels (Table 1) have been monitored by the De
partment of Energy, Mines and Resources since October 
1963 at a station located near Mile 1064, Alaska High
way, on Horseshoe Bay (Station 09GA001, "Near Bur
wash Landing"). Lake levels normally reach their maxi
mum in late July or early August and their minimum 

*Environmental Research Institute of Michigan, Ann Arbor 
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during May. The change in level averages approximately 
5.2 ft (1.6 m) annually. These fluctuations are consid
ered to be usual, as the major influent of the lake is the 
Slims River, fed by the Kaskawulsh Glacier which ex
periences seasonal variations in ablation and consequent 
runoff (Bryan, 1972; Barnett, pp. 143-150, this volume). 

Delta Growth 

Subaerial delta. Bostock (1952, p. 8) stated that the 
delta prograded at an average minimum rate of 158 ftlyr 
(48.2 m/yr) between 1899 and 1947. He quotes the fol
lowing rates of delta advance: 1899-1914: 243 ftlyr 
(74.1 m/yr); 1914-1947: 158 ftlyr (48.2 m/yr); 1899-
1947: 185 ftlyr (56.4 m/yr). His values are rough esti
mates based upon the growth of the subaerial portion of 
the delta, as determined from early maps and more re
cent Kluane Lake map sheets and aerial photographs. He 
gives no indication of his method of reaching these fig
ures. 

Aerial photos taken by the Air Photo Division, De
partment of Energy, Mines and Resources (1944, 1947, 
1950, and 1956) and by the Arctic Institute of North 
America (1970) are available for the entire delta front. 
Ground control of precise photogrammetric quality, 
which would allow accurate planimetric measurements, 
is lacking, but tracings of photographs of the delta front 
were prepared (Fig. 3) to indicate the progressive changes 
in location of the delta front. 

The rate of growth, based on the distance of the delta
water interface from the center of the present bridge of 
the Alaska Highway over the Slims River, was determined. 
A series of radials were drawn on the photos at 100 inter
vals from a point at the center of the bridge into the lake 
and the distance was measured along these lines. A total 
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Fig. 1. Map of Kluane Lake showing depth soundings taken in 1945 (from Bostock, 
1969, reproduced with the permission of Information Canada). 

of 17 radials was drawn, but the number which actually 
crossed the delta varied for each photograph. Results are 
given in Table 2. 

For the period Aug. 12, 1944 to July 25, 1970 the 
average growth of the subaerial delta was approximately 
58 ft/yr (26.8 m/yr). This indicates only an approxima
tion and is roughly one-third of Bostock's minimum 

figure. Several explanations are possible. It may be argued 
that since the Slims River valley is widening toward Kluane 
Lake, the volume of material needed to sustain a constant 
rate of growth has increased. On the other hand, with the 
growth of the delta into Kluane Lake, the Slims River 
gradient is decreasing as it progrades into the lake (Fahne
stock, 1969, p. 163, Fig. 2), and the coarser materials are 
being deposited farther upstream from the delta (although 

TABLE 1. Lake Level, Kluane Lake, 1963-1970* 

Lake level:j: I ce coverage § 

Maximum Minimum Range 
Yeart End of Beginning of 

ft (m) date time ft (m) date 
time ft (m) coverage coverage 

(YST) (YST) 

1963 9.88 (3.01) Oct. 22 n.d. 8.65 (2.64) Dec. 28 n.d. 1.23 (0.37) n.d. Nov. 1 
1964 13.60 (4.15) Aug. 7 1900 7 .78 (2.37) May 6 1430 5.82 (1.77) May 29 Nov. 20 
1965 12.45 (3.79) Aug. 24 1200 7.86 (2.40) May 1 n.d. 4.59 (1.34) May 24 Oct. 28 
1966 14.25 (4.34) Aug. 6 1815 7.76 (2.37) May 6 1200 6.49 (1.98) June 2 n.d. 
1967 12.31 (3.75) June 26 1231 7.74 (2.36) May 13 1530 4.57 (1.39) n.d. n.d. 
1968 12.34 (3.76) July 19 1800 7.45 (2.27) May 7 n.d. 4.89 (1.49) May 6 Nov. 3 
1969 13.60 (4.15) Aug. 7 1915 7.69 (2.34) May 7 n.d. 5.91 (1.80) n.d. n.d. 
1970 10.90 (3.32) July 30 1454 7 .18 (2.19) April 30 n.d. 3.72 (1.33) n.d. n.d. 

·From unpublished data of the Department of Energy, Mines and Resources. Data are subject to revision, according to H. T. 
Ramsden (personal communication, 1970). 
tData are for the entire year except for 1963 when values are for October through December. 
:j:Datum 2550.00 ft (Robertson, 1961) 
§ Definition of "ice coverage" not known. 
Note: n.d. = no data. 
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Fig. 2. Bathymetric map of Kluane Lake based on combined 
1968 and 1970 soundings. Depths are in feet. Arrows at lower 

left indicate suspected directions of inflowing waters. 

possibly farther downstream, in an absolute sense, from 
the Kaskawulsh Glacier snout). Thus the coarser material, 
which would be less susceptible to continuing movement 
into the lake, is not arriving at the delta front. A third 
possibility is that the delta front is not in equilibrium; it 
may be retreating. This was noted for the period between 
1947 and 1950, if one considers only those radials which 
crossed the delta proper. Also, in considering the area of 
the exposed delta lake ward from the Alaska Highway 
(Table 2) it was noted that there was a decrease in area 
during this period. The possibility that the delta is re
treating is not beyond reason. The process could be trig
gered by a 'shift in the supply of material derived from 
the Kaskawulsh Glacier meltwaters toward the Kaska
wulsh River rather than the Slims River (Bryan, 1972), 
thus removing the supply and allowing for wave and 
wind erosion to continue to remove the existing delta. 
Likewise, retreat of the delta could be the result of sub
aqueous slumping of the delta front. 

Diversion of the waters entering the Slims River has 
been discussed by Bostock in relation to changing lake 
levels. It took place in 1967 and 1968 (Fahnestock, 
1969, p. 172) and is suspected to have been the cause of 
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SLIMS RIVER 

DELTA 

1944 

the August 1970 decrease in discharge of the Slims River 
reported by Barnett (pp. 143-150 of this volume). The role 
that construction of the Alaska Highway (completed in 
1956) and the channeling of water has had on the growth 
of the delta is not known. However, based upon the 
shape of the delta, it is suspected that this construction 
has been instrumental in shifting the river mouth to the 
north. In any case, it is concluded either that Bostock 
overestimated the rate of advance of the Slims River 
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Fig. 3. Growth of Slims River delta into Kluane Lake, 1944 to 
1970 (traced from aerial photographs). 

delta into Kluane Lake or the rate has changed since 
1947. 

Sublacustrine delta front. The forward edge of the sub
merged portion of the Slims River delta has also been 
prograding. Data for this advance are based solely upon 
1968 and 1970 soundings. Only in the area to the north 
and west of the island is the delta front dramatically por
trayed on the fathograms. At these locations, identified 



SUBLACUSTRINE MORPHOLOGY AND DEPOSITION 

Cl) 
Q) ... 
:::l ... 
co 
Q) 

U. 
c. 
E 
:::l 

en ... 
o .... 
co ... co 
Cl 

M 
w 
-I 
ca 
et 
~ 

- - -

E 
a. 2 
B 
'0 ~£ cnNcn 

MtOM .c 
c, - - -+-----; 
c 
Cl> 

...J 

0000 
cnLOOl 
LOMLO 

-f-- -I------l 

2] 
~ 
w 
:2g 

010001 
000 

~ 1--+------1 
" ... 
Cl) 

.e MMM 
000 

'0 2 

t ~~ ~--
"0; 
J: ~ ""---

E x
~ :2_ 

.::: 

E 
2-
~ 
w 

LOtON 
cOu;m 

OlOOM 
,...:~o ~£ 

~ 
Zl---+------l 

NNM 

Cl) 
Cl> .... 

2 
NNO 
<t~M 

~E~ 
~~~ 

.!!! 
2 
a; 
Cl 
2 

175 

on Figure 4 by ship's tracks A-A' and B-B', and on the 
tracings of the fathograms, a small lip at the forward por
tion of the delta is plainly visible. This lip, 2 to 6 ft (0.6-
1.8 m) above the general level of the delta, is a feature 
common to delta fronts and is considered to be the re
sult of the sudden drop in velocity of water streaming 
across a submerged delta when it encounters the main 
body of water. In a similar context Straaten (1960, p. 
413) mentions bifurcation on deltaic surfaces and the 
formation of lunate subaqueous bars: "This deposition 
is in some cases simply the result of the decrease in 
strength of the bottom currents, where they spread out 
into the sea." Wave action and buoying influence of the 
lake water have been discounted-the former because the 
waves in this area are small and generally in the opposite 
direction (that is, down the Slims River valley) and the 
latter because the incoming water is more dense than the 
lake water (Bryan, 1972). In addition, this area is often 
the site of converging currents and not the diverging sur
face currents associated with upwelling. 

Step-like features. Several features are noted in the 
vicinity of the influents of Silver Creek and the Slims 
River. These features-identified on Figures 5 and 6 by 
ship's tracks C-C', D-D', E-E' in the Silver Creek area and 
by F-F', G-G' at the southern portion of the Slims River 
delta-were low (1-7 ft, 0.3-2.1 m) in height with step
like profiles. Such features were observed only following 
heavy storms, in which both Silver Creek and the Slims 
River experienced bankful or overbank flows. Several 
hypotheses are suggested for their origin . 

(1) The deposition of large logs or similar items on the outer 
slopes of the delta could dam the bedload sediments. When 
the sediment level overtopped the blocking material, water
borne sediments would flow across the slope until stopped by 
a second (third, fourth, .. . , nth) mass farther downslope, 
This possibility is discounted, however, because it would re
quire a dam having a height of about 2.8 ft (0.9 m). Assum· 
ing that a log forming such a dam would sink into the bot· 
tom sediments to a depth of one-third its diameter, a total 
diameter of approximately 4.2 ft (1.3 m) would be required 
for the average step. Trees this large were not observed in 
either Silver Creek or the Slims River areas. 
(2) These features could originate from wave or current ac
tion, or both. Field observations do not bear this out nor does 
the literature support this explanation for these angular fea
tures. 
(3) The possibility that the features are related to former 
(lower) lake levels (that is, that they could properly be called 
benches) is also considered to be remote, because the sedi
ments in these two areas are composed primarily of sands and 
silt-sized materials which are unconsolidated, recent, and 
highly mobile. They would have been smoothed by normal" 
wave action during the rise in the lake from its 40-ft level 
which occurred approximately 340 ± 130 years B.P. (Bo
stock, 1969, p. 5). 
(4) The formation of lake-ice ramparts is, in some respects, 
a tenable hypothesis. Ice thickness on Kluane Lake probably 
attains about 7 ft (2.1 m). During spring breakup, the ice 
could drift under a north wind and form the submerged ram
parts on the southern end of the lake. There are, however, at 
least two problems with this hypothesis. First, the angular 
features are at depths (31-44 ft, 9.4-13.4 m) which are greater 
than the ice thickness, unless there was spectacular overriding 
of ice blocks. This is true even when the fluctuations of the 
lake level (Table 1) are taken into account. Second, these 
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Fig. 4. Fathograms of ship's tracks A-A', B-B', Kluane Lake . Arrows indicate lip at edge of sublacus
trine delta front. 

features are concentrated only in areas of the two deltas; no 
such features were observed on the shingle and sand beaches 
of the southern lake shore between the Slims River and Sil
ver Creek deltas. That lake ice does drift upon these beaches 
was noted on several occasions during May 1970 when ice 
break up was in progress. Erosion and shoreline modification 
of this type, by ice, has been discussed by Dionne (1969) for 
the tidal flats of the Saint Lawrence estuary, and by Weber 
(1958) for a lake shore . 
(5) A fifth, and preferred hypothesis, is to attribute these 
features to slumping. As indicated, the features appeared fol 
lowing floods of fairly high magnitude which occur once each 
second or third year. It is suggested that the additional load
ing of sediment onto the previous bottom exceeded the shear 
strength of the bottom sediments and failure resulted. This 
would aid in explaining their appearance coincidental with 
the floods , their ephemeral duration, and their location on 
the delta fronts. That the features are to the south of the 
main influent of the Slims River is not considered to be a 
major obstacle to the hypothesis. In this zone, adjacent to 
steeply sloping subaerial terrain, streams are normally inter
mittent and flow directly into Kluane Lake. They carry loads 
of coarser particles which would provide the material needed 
for the hypothesized loading onto the lake bottom. This sug
gestion is supported by Terzaghi (1956) and Sturm (1971). 
During floods, these "coarser sediments" (that is, fine sands), 
having angles of repose of 270 _340 and, mixed with silts, 
would form a slope in excess of this figure. "Sooner or later , 
the shearing stresses at the base of the patch (having the ab
normally steep front) become equal to the shearing resistance, 
whereupon the patch slides down and the normal slope angle 
... is reestablished. The movement has the character of a 
local slump." (Terzaghi, 1956, p. 13). 

Summary data and statistical relationships for these 
features are presented in Tables 3 and 4. It is noted that 

at both sites the mean height and length of the upper 
portions of the features are approximately the same [2.7 
ft (0.8 m) and 58.7 ft (17.9 m) respectively] . At the 
Silver Creek site, however, the steps tend to be approxi
mately 9 ft (2.7 m) deeper than at the Slims River site. 
This may be related to the fact that at the Silver Creek 
site the sediment input during the floods is probably 
greater and coarser and the slump features are directly 
in the path of the inflowing water, whereas at the Slims 
River site most of the water and sediment is flowing to 
the north of the island while the features are to the 
south. Should this hypothesis be accepted-that the dis
charge of intermittent streams south of the river mouth 
provides sufficient sediment input for overloading and 
slumping at the Slims River site-it can be argued that 
the sediments would be of large particle size (that is, 
coarse sands and larger sediments). 

It is also noted, calculated by the F -statistic (Table 4), 
that for all 42 cases there is no significant correlation 
between the height of the steps to the depth at the top 
of the step, the length at the top of the step, or the 
length of the step base. This also holds for the 30 samples 
in the Silver Creek area. For the Slims River delta sam
ples, however, there is a significant correlation at the 5% 
level between the step height and the water depth at the 
top of the step. These latter correlations could be coin
cidental and must be evaluated with caution. Further
more, engineering data are needed to demonstrate a 
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TABLE 4. Correlations for Step-Like Features 
in Kluane Lake, 1968 

Correlation F-Statistic 
Sign ificant 

5% 1% 

Height vs depth i at base 
ALL 0.2126 1.89423 No No 
SLIMS 0.7982 17.5558 Yes Yes 
SILVER -0.0750 0.1585 No No 

Length at top vs 
depth at top 

ALL -0.0305 0.0373 No No 
SLIMS 0.6419 7.0063 Yes No 
SILVER -0.1652 0.7851 No No 

Height vs depth 
at top 

ALL 0.0427 0 .0730 No No 
SLIMS 0.6812 8 .6581 Yes No 
SILVER -0.2488 1.8469 No No 

Height vs length 
at top 

ALL 0.2101 1.8479 No No 
SLIMS 0 .3581 1.4712 No No 
SILVER 0.3527 0.9460 No No 
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distinct slumping relationship between these step features 
and their locations. 

Bottom Channel 

If there exist in the Slims River delta area several den
sity flows across the submerged portion of the river del
ta, as are suggested by the data presented elsewhere 
(Bryan, 1972), their erosional results should be apparent 
on the fathogram traces. These traces should show sub
merged channels and their accompanying levees. Profiles 
which are suggestive of such channels were detected in 
the area of the Slims River but were absent at the Silver 
Creek delta area. These traces are given in Figures 6 and 
7 (H-H' and J-J'). They occur in front of the former 
mouths of the Slims River and are therefore possibly 
not related to channels presently carrying sedirnents to 
the central basin of the lake. It is noted that although 
the Slims River mouth is presently shifted to the north, 
and the water is flowing primarily to the area between 
the island and the shore immediately to the north, some 
sediment may be moving to the south. This is an area 
of shallow submerged delta surface. It would be a con
venient route for some of the bed load of the Slims River. 

so 

I , .. " 
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Fig. S. Fathograms of ship' s tracks C-C', 0-0' . E-E'. Kluane Lake. Arrows indi
cate step-like features in front of the Silver Creek mouth . 
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Fig. 6. Fathograms of ship's tracks F-F', G-G', H-H', Kluane Lake. Bottom channels in front of the Slims River delta, indicated by arrows. 

BOTTOM DEPOSITS 

Color and size of the lake's bottom sediments were mea
sured. From the latter measurement, standard statistics, 
including mean, standard deviation, skewness, and kur
tosis, were calculated. Comparisons were then made with 
other measurements of the lake which have been discus
sed previously and with the sediment measurements of 
the Slims River. 

Calor 

The use of color provides an approximate picture of 
bottom deposit distribution. The color was ascertained 
visually on wet samples by using the color chips of the 
Munsell soil color charts. All observations were made 
under similar lighting conditions and by the same obser
ver (often confirmed by a second observer) to avoid er
ror. Figure 8 presents the distribution of the bottom 
muds by color. On this Figure the following features are 
noted: 

(1) In two areas off the mouth of the Slims River delta (along 
the shore to the north of the island and along the southern 
shore of the lake), muds are dark gray (5Y 4/1). Both areas 
are located directly in front of the mouths of the Slims River 
-the former in front of the present mouth and the latter in 
front of the mouth prior to 1950. 
(2) Between these two areas and extending lakeward is a 
zone composed of gray-colored (5Y 5/1) bottom sediments. 
This area is one which roughly coincides with the present 
Slims River plume seen on the lake surface (Bryan,pp.163- 169, 

this volume). 
(3) In front of the Silver Creek delta and before the several 
mouths of the creek is a small zone of dark gray (5Y 4/1) 
sediments which are interpreted on this map as contiguous 
with the zone of like color in front of the southern and for
mer mouths of the Slims River. 
(4) There is a zone of highly heterogeneous sediment color 
to the west of the Silver Creek delta and its mouths. This 
zone, also identified as dark gray (5Y 4/1) on Figure 8, is 
composed of gray (5Y 5/1), gray (5Y 6/1), light gray (5Y 7/1), 
olive gray (5Y 4/2), dark greenish gray (5GY 4/1) and light 
greenish gray (5GY 7/1) sediments. Gray (5Y 4/1), however, 
predo mina tes. 
(5) Bottom deposits northward into the lake are composed 
primarily of olive gray (5Y 4/2) sediments. 
(6) Along both shores and for several hundred meters lake
ward, the sediments are olive gray (5Y 5'/2) and light olive 
gray (5Y 6/2). These are of the same hue and chroma as the 
center muds, but of a lighter value. 
(7) The region along the southern shore, and centered rough
lyon the small peninsula before the Slims River delta front, 
is composed primarily of 5Y 6/1 sediments (transitional in 
color between gray and light gray). 
(8) Although not indicated on the map, the sediments of 
Cultus Bay are black (5Y 2/1) and, unlike the rest of the lake 
sediments, have visible organic content. 

Sediments in the lake center are nearly constant in 
color, as are the muds along the shore north of a line ex
tending roughly from Horseshoe Bay to Christmas Bay. 
The colors of mud areas off the delta front are easily de
fined and apparently oriented toward the river mouths. 
The dark gray (SY 4/1) area may be interpreted as muds 
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derived from the former Slims River mouths (that is, be
fore 1950) and from the presently active mouth. The 
same color is found before the presently active Silver 
Creek mouth. The band of 5Y 5/1 color (between the 
two dark gray zones) orienteJ towards the former (1956) 
mouth of the Slims River, was probably laid down at that 
time, and possibly may be used to document slight chang
es in the sediment between 1950 and the present. On the 
other hand, the dark gray sediments also closely corre
spond with the suspected bottom currents (Fig. 2). 

Also of interest is the 5Y 6/1 zone along the southern 
shore of the lake which closely corresponds to the area 
showing "step" profiles on the fathograms (Figs. 5 and 
6). 

That the black organic sediments of Cultus Bay do not 
extend into the lake is accounted for by two factors. On 
the one hand, the bay-mouth bar-building across Cultus 
Bay is almost complete. At low lake levels, this passage 
has approximately 1-1.5 ft of water; the bay behind the 
bar has a maximum depth of 40-50 ft (12.3-15.4 m). On 
the other hand, if this bay provided black organic sedi
men ts to the lake basin, they would be so dilu ted (as a 
proportion of the total sediment content) that they 
would probably exert little influence on sediment color. 

Color de terminations in themselves are not sufficient 
to interpret bottom deposit distributions; rather, they 
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should be considered in conjunction with grain texture 
and other properties. 

Mechanical Measurements and Related 
Statistics 

Several authors claim that mechanical analysis aids in 
the interpretation of both the processes by which the 
sediments are deposited and the nature of the area of the 
deposition. Although measurements of roundness, sphe
ricity, and shape of individual grains are preferred by 
some, these have not been attempted because Kluane 
Lake grain sizes are generally small and because these 
measurements are considered to be of questionable ac
curacy and reproducibility. 

Many investigators use measures of median, standard 
deviation, skewness, and kurtosis to distinguish sediments 
in beach, barrier, sand dune, and river bar depositional 
environments. Whereas skewness is often claimed to be 
environmentally sensitive, kurtosis is not considered to 
be especially helpful in identification of depositional 
environment. 

Three investigators (Moore, 1961; Coakley, 1966; Solo
hub and Klovan, 1970) deal specifically with freshwater 
areas. The first and last treat large lakes, whereas Coakley 
is concerned with a smaller lake having an almost con
tinuous ice cover. In a comparative study, Solohub and 

Fig. 7. Fathograms of ship's tracksJ-J', K-K', Kluane Lake. Profiles of bottom channels in front of 
the Slims River. 
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Klovan (p. 81) noted that " ... only factor analysis . .. 
produced mappable results consistent with known energy 
conditions and the depositional sites ... " Their article is 
most instructive, for they point out several of the major 
problems in the studies of grain sizes and depositional en
vironments. Among these is the dual definition of envi
ronment, that is, environments are often defined (1) in 
terms of the physiography of the site, its slope, distance 
from shore, depth, relative relief, etc. or (2) in terms of 
energy available. The latter is especially used in the con
text of mechanical analysis-that is, the types, amounts, 
periodicity, magnitudes, and frequencies of energy avail
able for the erosion, transportation, and deposition of 
the sediments. There is no reason to contend that there 
is always a one-to-one correspondence between the en
ergy and physiographic environments. Solohub and Klo
van (1970, p. 100) also note that there are several factors 
other than the environment which influence grain size 
distributions. They include: (1) the distribution of source 
material; (2) mineralogy and texture of source material; 
(3) type and amount of energy at depositional site; (4) 
rate of sediment supply; (5) possibility of sediment 
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Fig. 8 . Colors of bottom deposits in Kluane Lake accord· 
ing to Munsell soil color chart. Dots indicate locations 
where bottom samples were obtained. 

removal; (6) mixing, sorting, and re mixing of separate 
populations; and (7) diagenetic alteration. Of these sev
en, all would be of importance to this study except the 
last (diagenesis). 

Median diameter. Figure 9 illustrates the distribution 
of sediments with respect to their median diameters. It 
is recalled that three lines of conventional sedimentologi
cal reasoning were to be considered: 

(1) sediments get progressively finer from the shores outward 
to the lake center; 
(2) sediments get progressively finer as distance from the 
source increased; 
(3) sediments get progressively finer with increased depth of 
water. 

Examination of Figures 9 and 2 shows that these as
sumptions are not totally true. The most apparent dis
crepancy between expected and actual distribution is 
the elongated area made up of sediments having a median 
diameter between 5.0 I/> and 6.0 1/>. This zone extends in
to the lake beyond the central portion of the present 
Slims River delta. It is closely related to both the area 
of 5Y 5/1 sediments and the area of bottom flow off the 
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Slims delta (Fig. 2). Some such bottom channels are iden
tifie d on the fathogram traces (Fig. 6). 

Second, it is noted that the finest sediments are located 
in the lake center, but not necessarily in the deepest por
tion of the lake. They are, however, located in one of 
the farther portions of the lake as measured from the 
mouth of the Slims River. Because the Slims River is 
considered to provide the major input of sediments, it is 
tempting to conclude that distance from inpu t has a 
major influence on the size of these sediments. In addi
tion, there are two areas which do not confirm the as
sumption that increasingly finer sediments will occur 
with increased distance from the shore. One area is in 
front of the large alluvial fan over which Silver Creek and 
other streams flow, and the other is in front of the en
trance to Christmas Ba y. In each of these cases the "anom
alous" (71/» sediment areas are on sloping lake bottoms 
and at depths of 75 ft (23 m) to 250 ft (76 m), which 
even at this scale show a considerabre number of crenula
tions in the contour lines. 

Third, in an area along the southern shore of the penin-
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sui a north of the small island, the complete size transition 
of sediments is misleading at the map scale (from sands 
to fine silts: 4.0 I/> to .L T. 6.0 1/». This transition was very 
rapid. It occurred within 150 ft (46 m) of the shore line 
and took place in water which had a total depth of less 
than 50 ft (15 m). On this basis alone the validity of the 
conventional assumptions must be questioned. 

The nature of these distributions must be explained in 
some manner. The 5.0 I/> to 6.0 I/> area in front of the del
ta is a result of Slims River water flowing south of the 
island. The termination of this sediment zone, which is 
arbitrarily defined in whole phi units, could be the result 
of either (1) a decrease in velocity of the transporting 
current resulting in a forced deposition of the sediment, 
or (2) the withdrawal of the coarser sediments from the 
suspended load due to earlier deposition along the way. 

For the 71/> area north of the southern shore of the lake, 
one hypothesis is that the sediment zone results from 
the deposition of fines (as opposed to the removal of the 
coarser sediments) in the waters which are at depths of 
50-100 ft (15-31 m). This hypothesis is difficult to 
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Fig. 9. Isopleths of median diameters (in phi) of bottom deposits in Kluane Lake. 



182 

support with the available data, because the zone is also 
one of the most active portions of the Kluane Lake 
beach. The beach in this area is composed of gravel, peb
bles, and sand, and thus there is no lack of supply for 
coarser sediments lakeward. There is, however, an ab
sence of permanent streams flowing off this fan into the 
lake during periods of normal flow, with the exception 
of the two indicated by the lakeward arrows on Figure 2. 
These two streams are, even during flooding periods, the 
major outflows in this area; this is in part because the 
streams have been diverted by construction of the Alaska 
Highway. 

The third area of finer sediments northwest of Christ
mas Bay may possibly be explained in two ways: (1) as an 
area of fines which are a result of the lower lake levels, 
or (2) as a result of the deposition of fine sediments 
which have streamed over the bar at the mouth of Christ
mas Bay and, having lost their momentum, have been 
deposited immediately lakeward. Both hypotheses are 
difficult to support with present data. It would appear 
unlikely that such fine sediments would be retained as 
an identifiable body, especially while the rest of the 
southern portion of the lake is actively under the influ
ence of wind, waves, and sediment input from the Slims 
River and Silver Creek. Also, the waters of Christmas Bay 
are quite clear. It is not unusual for Secchi-disk transpar
ency observations to exceed 25 ft (7.6 m) at the bay 
center, and for the bottom to be clearly visible near the 
entrance where it shoals to approximately 30 ft (9 m) 
before the slope changes toward the lake basin proper. It 
is also unlikely that Christmas Bay water has carried 
much of a suspended sediment load in the recent past, for 
the inlet streams flow across a low marshy area prior to 
entering the bayhead and would deposit their sediment 
loads at these locations. Sediment from the bay walls, 
which are primarily glacial deposit of sand and gravels 
with a relatively small (albeit unmeasured) silt and clay 
content, seems to be the major possible source-as
suming the origin of this 7.0 I/> sediment area is Christmas 
Bay. Thus, the origin of these two areas of fine sediments 
remains uncertain. 

Standard deviation. The interpretation of the standard 
deviation of sediments is often debated. However, the 
standard deviation is generally considered to be a mea
sure of the range of fluctuation of the kinetic energy 
(that is, velocity) conditions which were active during the 
period of deposition of the sediments, providing suffi
cient source material of assorted sizes is available. The 
term "sorting" refers to the measurements which have an 
inverse relationship to the values of the standard deviation. 
Folk's (1968) inclusive graphic standard deviation (ad 
(GRSTDV)-which includes 90% of the total sample dis
tribution-is used as the measurement. According to Folk 
(p. 46), "The best sorting attained by natural sediments 
is about 0.20-0.251/> . .. and the poorest sorted sediments, 
such as glacial till, mudflows, etc. have aI values of ap
proximately 5 I/> to 8 I/> or even 101/>." 

M. LEONARD BRYAN 

Figure 10 demonstrates the nature of the standard de
viation of the sediments across Kluane Lake. It was dif
ficult to accurately plot this map in some northern parts 
of the lake; consequently, some isopleths are terminated 
with question marks. However, for the areas of the lake 
which are of greatest interest, namely the southern and 
central portions, the interpretation is considered to be 
quite accurate. The standard deviation of the sediment 
samples along the southern shore of the lake generally 
increases outward from the shore, indicating the increased 
fluctuations of the energy levels. The zone of the 
"steps" area around the peninsula on the western por
tion of this southern shore is one of increasing and fairly 
high standard deviation. This possibly indicates that the 
initial sediment inputs were heterogeneous and occurred 
suddenly and that sorting of these sediments within the 
lake has not been significant. 

Parallel to the southern shore and in the elongated zone 
of 6.0 I/> to 7.0 I/> median-diameter sediments (Fig. 9) 
there are two areas of relatively high standard deviation. 
These areas are roughly identical although some overlap 
is apparent. 
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Fig. 10. Isopleths of standard deviation (in phi) of diameters of 
Kluane Lake bottom deposits. 
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Directly in front of the Silver Creek delta is an elongat
ed area of sediments of 6.0 rt> to 7.0 rt> median diameter 
which has a fairly high standard deviation (.GT. 1.5 rt». 
This ridge extends to the west (that is, toward the mouth 
of the Slims River) and also toward the center of the lake 
until a zone of decreasing standard deviation is encoun
tered. It continues then as a strengthening ridge through the 
center of the lake and off the map to the north. In the 
southern end of the lake, this zone is thought to be re
lated to the variable outflow from Silver Creek. 

In the more central portions of the lake, however, the 
sediments are considered to be the result of the mixing of 
the outflows from both the Slims River and Silver Creek. 
Slims River water is predominant, both in terms of the 
sediment load and its influence on the flow. There is a re
sultant lowering of standard deviation values toward the 
center. Farther north, however, the influence of the Slims 
River and its sediment load decreases, and although the 
sediments show a continuing increase of standard devia
tion, it is felt that an attempt to relate this to the Slims 
River must be conjectural. In addition, the lake becomes 
narrower, with the possibility that the influence of the 
shores becomes more important, and is generally 
shallower. 

Along the western shore is a zone of relatively high 
standard deviation (up to 1.6 rt». The origin of this zone 
is in doubt, but it is thought to be related to sub aerial 
processes, such as local stream flow. Also, because this is 
a fairly shallow area, the scouring of the lake bed and re
moval of some of the finer materials may leave a rather 
heterogeneous type of "lag gravel." 

A final area of interest is directly in front of the mouth 
of the Slims River. This zone is one of progressively de
creasing standard deviations (that is, increased sorting) 
across the submerged delta, and into the deeper portion 
of the lake. Note the correspondence between several 
measured factors: color, median diameter, standard de
viation, and the area of suspected sediment flows off the 
Slims delta. Again it must be mentioned that although 
sorting is sometimes used as an indicator of the environ
ment (as related to energy), it may not be useful for 
determining physiographic environment. Here, this one 
zone identified in Figure 10 as having a standard devia
tion .L T. 0.40 rt> covers the submerged delta, the delta 
front, and the pro-deltaic bottom-three rather easily 
identifiable physiographic areas. 

Skewness. Inclusive graphic skewness (GRSKIN), a 
measure of the asymmetry in the frequency distribution 
of the sediment, takes into account the position of 
the mean with respect to he median. A coarsely skewed 
sample is one with negative skew values in which the 
mean is on the coarse side of the median. A finely skewed 
sample, on the other hand, has a positive value. Again it 
is assumed that a heterogeneous mixture of sediments is 
available, and the positively skewed samples are generally 
interpreted to mean that the velocity of the agent of de
position has operated at a lower than average value for 
the greater length of time. That is to say that increased 
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Fig. 11. Isopleths of the skewness of Kluane Lake bottom de
posit size distribution. 

speeds, in excess of the normal (average) velocity of the 
water, are of relatively short duration and high intensity, 
and thus there is an excess of fine materials over the 
coarser materials. 

Folk notes (1968, pp. 47-48) that, although the abso
lute mathematical limits of skewness are +1.00 and 
-1.00, the majority of sediments have values of skewness 
in the range of ±0.80. Note that in Figure 11 most 
of the lake bed of Kluane Lake is covered by sediments 
having skewness values between +0.30 and -0.30, and in 
only a few places, namely, before the two influent 
streams and in the area of the "step" features, do skew
ness values exceed these limits. The sediments of these 
areas are defined by Folk as "strongly coarse skewed" 
with skewnesses of approximately -0.50; the largest 
value is -0.80. 

If the earlier statement-that these areas with positive 
skewness have had, on the whole, water velocities for 
longer periods of time which are lower than the average 
-is valid, it is inferred that the water velocities in the 
basin area between Horseshoe Bay and Christmas Bay 
have, on the whole, been quite slow. 

Conversely, note that in the areas of negative skewness 
the velocities have, for a greater period of time, been in 
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Fig. 12. Isopleths of the kurtosis of Kluane Lake bottom deposit 
size distribution. 

excess of the average. This interpretation seems reasonable, 
for indeed the strongest negative skewnesses are in the 
area of suspected bottom-flow water which is related to 
the fluctuations' of the ablation from the Kaskawulsh Gla
cier. Thus there is an intraseasonal fluctuation during the 
summer period with a superimposed perturbation of a 
diurnal cycle. Similarly, the high negative values in front 
of the mouth of Silver Creek are interpreted to be related 
to the daily and seasonal fluctuations of that stream. The 
whole southern shore of the lake is an almost chaotic 
series of isopleths, a result of either the several intermit
tent streams flowing into that area, the strong ~orthern 
winds and consequent storm waves which wash these 
shores, the longshore currents, or more probably, a 
combination of all three. 

Kurtosis. Although most authors agree that kurtosis 
has been demonstrated as rather insensitive for the iden
tification of depositional environments, it is applied 
to the analysis of Kluane Lake sediments to see if kurto
sis focuses attention on the same lake areas as do the 
measures already discussed. The definition of graphic 
kurtosis (Folk, 1968, p. 48) is Kg = [4> 95 - 4> 5] / 
(2.44( 4> 75 - 4> 25)] and, as stated by Folk, it answers 
the question, "For a given spread between the 4> 25 and 
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the 4> 75 points, how much is the 4> 5 to 4> 95 spread de
ficient (or in excess)?" For a normal (Gaussian) distri
bution, Kg = 1.0; for a leptokurtic distribution of K 
.GT. 1.00, there is a larger spread in the coarse and ~ne 
tails of the sediment distribution than it should have for 
the given 4> 25-4> 75 spread. Such a value (.GT. 1.00) 
would indicate that the fluctuations of water velocity 
were restricted within the 25% to 75% of the average 
velocities for a greater length of time than normal. This 
value shows, obviously, poorer sorting in the tails than 
in the cen tral portion of the distribu tion. The converse 
is true for Kg .LT. 1.00. Folk (1968, p. 48) states that, 
although the absolute mathematical limits range from 
0.41 to infmity, " ... few analyzed samples fall beyond 
the range from 0.60 to 5.0 ... [and] most sedimen ts are 
around 0.85 to 1.4 ... " 

Figure 12, an isopleth map of kurtosis, does indeed 
tend to focus attention on the same areas as do Figures 
9,10, and 11. Areas in which the kurtosis is .LT. 1.00 
are located (1) directly in front of the present mouth of 
the Slims River, (2) before the mouth of the Silver 
Creek, and (3) in two areas offshore along the southern 
margin of the lake. Most of the lake is dominated by 
spreads which are in excess of 1.00, with the value of 
7.61 being found on the delta side of the small island in 
the southern portion of the lake. It is expected in these 
areas that the velocity fluctuations, which are affecting 
the central 50% of the sediment distribution, are quite 
restricted for the greater portion of the time. In other 
words, the flow is fairly constant, with some short 
periods of fairly high or low speeds. This gives an excess 
of deposited material in the tails of the distribution (in 
the terminal 25% of the spread). 

High fluctuations are also noted in the central basin, in 
the area of the suspected channels, and off the Silver 
Creek mouth where they turn toward the north, along 
the shoreline south of Christmas Bay. In the last case, 
they avoid the zone which is coincident with areas of 
major interest. As in the previous maps, the central 
portion of the lake has elongated zones of constant 
values; the velocity fluctuations are concentrated slightly 
in the range affecting the central 50% of the sediment 
particle size distribution. 

From the above generalizations, we note that three or 
four areas stand out on the several maps-the area in 
front of the Slims River mouth and on both sides of the 
small island, the area before the Silver Creek mouth, 
the central basin of the lake proper, and the elongated 
area along the southern shore of the lake. 

• 
Some correlations. Seventy-seven sample points (Table 

5a) have been used for the correlation matrix, in which 
Folk mean (FLKMEN), graphic standard deviation 
(GRSTDV), inclusive graphic skewness (GRSKIN), 
graphic kurtosis (GRAKUR), depth in feet (DEPTH), 
distance from shore in meters X 100 (DSHORE) and distance 
from input point in meters X 100 (DSORCE) have been used 
as arguments. It is noted that the correlations of these 
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TABLE 5a. Correlation Matrices for all lake 
Sediment Samples (N = 77) 

Variable DEPTH DSHORE DSORCE 

FLKMEN 0.4878 0.3739 0.3567 
GRSTDV 0.3276 0.4015 0.6421 
GRSKIN 0.0351 0.0817 0.2193 
GRAKUR -0.0972 -0.0569 -0.2129 

TABLE 5b. Correlation Matrices for Restricted 
Set of lake Sediment Samples (N = 56) 

Variable DEPTH DSHORE DSORCE 

FLKMEN 0.4042 0.4877 0.5316 
GRSTDV 0.3953 0.5696 0.6498 
GRSKIN 0.2903 0.2916 0.2900 
GRAKUR -0.2189 -0.1486 -0.2494 

Note: FLKMEN = Folk mean (Folk, 1968); GRSTDV = 
graphic standard deviation; GRSKIN = graphic skewness; 
GRAKUR = graphic kurtosis; DEPTH = depth; DSHORE = 
distance from shore; DSORCE = distance from input point. 

measurements with depth are quite low, as are the cor
relations between the various sediment statistics and dis
tance from shore and distance from source (that is, river 
mouth). 

A second matrix, made up of 56 points, is also pre
sented (Table 5b). For this set several pragmatic decisions 
were made. First, the samples which occur north of a line 
between Horseshoe Bay and the entrance to Christmas 
Bay and those closely adjacent to the shore, are not con
sidered to be under the influence of either of the two input 
streams per se and have not been included in the correla
tion study. In these areas the nature of the influence of 
the shore processes (for example, longshore currents, 
wave action) was not determined. The second area from 
which samples were excluded is that along the southern 
shore of the lake. Here it is felt that one of the major 
influences on sediment distributions would be the per
iodically strong northern winds washing on this shoreline 
composing the toe of the alluvial fan. Also, the numerous 
small streams coming off the fan must exert considerable 
influence. Samples closer to shore than 500 m were thus 
excluded. This effectively removed the several "steps" 
regions which were earlier identified and suspected to 
be the results of a periodic slumping following "massive" 
sediment inputs. 

It is noted that, in general, correlations in Table 5b are 
better than those in Sa, as would be expected. An excep
tion is DEPTH vs. FLKMEN, but this exception is also 
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to be expected because a reduction in the value FLKMEN 
is an increase in the size of the sediment. Those values 
not used in Table 5b were the larger sediment sizes from 
shallow and shoreward areas; when these larger values 
are removed, the correlation coefficient is lowered. The 
relationship between DSORCE vs. FLKMEN (R = 0.53) 
for N = 56 is an imperfect one and is not significant at 
the 5% level of confidence. 

Comparison with the Slims River samples. Tables 6 
and 7 give descriptions of the 56 samples of Table 5b, 
and the Slims River samples discussed earlier (pp. 155-161, 
this volume). 

It appears, from these data, that lake samples differ 
from river samples in relation to their respective means. 
This supposition can be tested by using the formula de
fined by Hoel (1966, p. 173): 

where: 

ai, a2 = the standard deviations of the two populations 
ni, nz = the sample sizes 
XI, X2 = the sample means. 

Using these figures, the significance of the means of 
these several measurements were computed and the re
sults are reported In Table 8. 

If we assume that the distribution of (Xl - X2) is nor
mal and centered on 0, and wish to determine, at the 5% 
level of confidence, if these distributions have any real 
significance with reference to all four variables being de
termined, the null hypothesis-that there is no real dif
ference in the two sample populations-is rejected. These 
samples from the two populations (river and lake) are 
thus considered to be significantly different in 95 ran
dom cases out of 100 collected samples. However, at the 
1% level of confidence, we must accept the null hypoth
esis for three of the four variables being considered 
(GRSTDV is the exception). Thus there are between 1 
and 5 chances in 100 random samples that the means of 
the collected samples from the river and the lake will be 
the same. Stated differently, between 95 and 99 samples 
of each 100 random samples will experience some alter
ation of their mean diameter, inclusive graphic skewness, 
or graphic kurtosis between the time they leave the 
river and the time they are deposited on the lake 
bed. This statement deals only with the mean values of 
each of thevariables in the two sample populations; it 
does not make any statement concerning the standard 

TABLE 6. Description of lake Sediment Samples (N = 56) 

Variable Mean Variance Standard Minimum Maximum 
Deviation 

FLKMEN 6.845 0.6055 0.7781 5.114 8.244 
GRSTDV 0.9323 0.1718 0.4145 0.3190 1.801 
GRSKIN -{).1767 0.0751 0.2741 -0.8850 0.600 
GRAKUR 1.342 0.8633 0.9291 0.7280 7.607 
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TABLE 7. Description of River Sediments Samples 

Variable Mean Variance 

FLKMEN 6.347 1.372 
GRSTDV 2.578 0.2950 
GRSKIN -0.0548 -0.0594 
GRAKUR 0.9056 0.0397 

deviations, or the minimum and maximum values of each 
variable. 

CONCLUSIONS 

The bathymetric map of Kluane Lake (Fig. 2) indicates 
that the sou them portion of the lake is composed of a 
large, flat central basin flanked in two areas to the south 
by prograding deltas. The Slims River delta is advancing 
at an average rate of 58 ft (26.8 m) per year, a figure 
which is approximately one third of the minimum rate 
quoted by Bostock (1952). Several minor features ex
hibited on fathograms include a small lip on the forward 
edge of the Slims River delta, several slump features on 
both the Slims and Silver Creek deltas, and channels to
gether with their submerged levees in front of the Slims 
River delta. 

Several assumptions have already been mentioned, but 
because they may have been obscured in the preceding 
paragraphs, it is prudent to reaffIrm them: (1) It is as
sumed in the analysis that the samples are all surface 
samples, when they are in reality composite samples of 
the sediments to a depth of 1.2-1.6 in (3-4 cm). Some 
"noise" may thus have been introduced into the analysis 
by collecting bottom sediments which were deposited 
earlier under conditions which could be unlike those 
presently observed in Kluane Lake and on the Slims 
River. An indication of the rate of sedimentation would 
be helpful in ascertaining this "noise level." (2) Samples 
were collected from both the Slims River and the bottom 
of Kluane Lake over a period of a field season. By aggre
gating the sediment samples from the two sources through 
a period of time to form two sample populations, addi
tional "noise" may have been introduced. The assump
tion is, again, that the summer of 1970 (especially with 
reference to the river samples) was a fairly "normal" or 
average year. (3) Because it was impossible to trace any 
one parcel of water and its included sample, it is assumed 
that all sediment samples flawing out of the Slims River 

TABLE 8. Significance of Means of 
River Samples vs. Lake Samples 

Variable 

FLKMEN 
GRSTDV 
GRSKIN 
GRAKUR 

0.1955 
0.0946 
0.0503 
0.1273 

P = 0.05 

0.383 r 
0.185 r 
0.099 r 
0.250 r 

P = 0.01 

0.987 a 
0.477 r 
0.255 a 
0.644 a 

0.498 
1.646 
0.232 
0.436 

Note: a = accept null hypothesis; r = reject null hypothesis. 

Standard 
Minimum Maximum 

Deviation 

1.171 4.121 8.412 
0.4531 1.061 3.348 
0.2437 -0.5340 0.5720 
0.1992 0.6350 1.481 

have been treated, or acted upon, in the same manner by 
the processes active in Kluane Lake; for example, it is as
sumed that the probability is the same that a sample pas
sing the bridge over the Slims River at the Alaska High
way will be introduced into the lake via the channel to 
the north of the island as that it would be introduced via 
the channel passing to the south of the island. 

In this paper the nature of the bottom sediments has 
been investigated via the use of both cartographic and 
statistical analysis. It was noted that there is a definite 
elongation of the isopleths which identify the various 
parameters at an apparent origin in the vicinity of the 
mouths of either the Slims River or Silver Creek. A few 
exceptions occur toward the lake center, especially with 
respect to the median diameter and the skewness mea
sures, and in areas along the southern shore of the lake 
where the alluvial fan comprises the shore line. 

There is a fairly low level of statistical significance be
tween sediment location (as measured by the distance 
from the source of the sediments), depth of the lake, 
and distance from shore. It was also demonstrated that 
samples of the river sediments are significantly different 
from those of the lake, indicating that the sedirnents are 
altered in some way between the time they en ter the lake 
and their deposition prior to collection. Although no at
tempt is made at an environmental reconstruction from 
the data, it was noted that attempts to describe deposi
tional environments, based upon sediment size statistics, 
may lead to diffIculties. 
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Channel Adjustments in Supraglacial Streams* 

Jeff Doziert 

ABSTRACT. Planimetric similarities exist between ordinary streams and streams that flow on top of 
glaciers, even though a supraglacial stream erodes its bed primarily by melting, rather than scouring. In the 
summer of 1969 two supraglacial streams on Capps Glacier near Chitistone Pass, Wrangell Mountains, Alaska 
were studied to determine if the principle which hypothetically governs channel adjustment in short reaches 
of ordinary streams-minimum variance of factors related to adjustment-also applies to supraglacial streams. 
Data show that for supraglacial streams the variances of slope, bed shear, and the Darcy-Weisbach friction 
factor of a curved reach are usually less than half those of a straight reach of the same stream, thus indicating 
that in supraglacial streams curved reaches have more uniform channel adjustment than do straight reaches. 
In both curved and straight reaches these variances are reduced over the course of the summer. Thus curved 
reaches are closer to equilibrium than are straight reaches, and the particular supraglacial stream studied ad
justed toward equilibrium. Processes of channel adjustment in supraglacial streams may be divided into two 
categories: those of the stream itself, namely thermal erosion in both lateral and downward directions; and 
processes independent of the stream, such as movement of the glacier, differential ablation of the banks above 
the stream due to differences in exposure, and shearing in the glacier, which causes structural variation. 

Introduction 

In planimetric view, streams flowing on the surfaces of 
glaciers look much like ordinary streams. Supraglacial 
streams meander, and ratios between such factors as 
meander wavelength and channel width have similar 
values for both supraglacial streams and alluvial rivers 
(Fig. 1). But the process by which a supraglacial stream 
erodes its bed is different from that of streams on land 
in that the primary energy exchange at the bed of a 
glacial stream is thermal rather than mechanical. There 
is also no process strictly analogous to deposition; ice 
eroded from the bed is transformed into discharge. 
Where ponds form at low discharge the water may freeze 
at the surface during cold nights, but this ice is usually 
removed early in the morning. Supraglacial streams 
carry little or no sediment. The existence of meanders in 
sediment-free streams flowing on an ice surface indicates 
that meandering is not caused by sediment but is more 
fundamental (Leopold and Wolman, 1960, pp. 774-776). 

Borrowing a concept from thermodynamics, recent 
theoretical research in geomorphology has viewed natu
ral systems, such as rivers, as adjusting toward a state of 
"quasi-equilibrium," a compromise between minimum 
total work and minimum variance of channel adjustment 
to accomodate discharge, analogous to the state of maxi
mum entropy (Leopold and Langbein, 1962; Langbein 
and Leopold, 1964; Scheidegger and Langbein, 1966). 
Channel adjustment theoretically should, within physical 
constraints, tend toward a state of equilibrium. Sinuous 
channels are certainly more common than straight ones, 

*This report is a modified version of a report on pp. 66-117 of 
Research Paper No. 57, Arctic Institute of North America, 1970. 
tDepartment of Geography, California State University, Hay
ward 

189 

therefore it would seem that they are closer to equilib
rium. 

Within this theoretical framework, I conducted an in
vestigation of two supraglacial streams on the small 
Capps Glacier, 2 km south of Chitistone Pass, Wrangell 
Mountains during the summer of 1969 (Plates 1 and 2).1 
The glacier is about 3 km long and ranges in elevation 
from 1500 m to 2600 m with a north-facing exposure in 
the upper part and a west-facing exposure in the lower 
part. The entire study area, at about 1700 m, lay well be
low the transient snow line after mid-June. The major 
advantage of studying channel adjustment in supraglacial 
streams, as opposed to ordinary streams, is their greater 
rate of downcutting, allowing more adjustment to be ob
served during a short field season. 

Two streams were investigated, a small one which was 
0.3 m to 0.5 m wide and a larger one about 1.2 m wide 

1 Plates 1 and 2 are maps inside the back cover of this volume. 

/ 

Fig. 1. A meander on Capps Glacier. The wavelength-width 
ratio equals 11. This value is comparable to the average ratio of 
10.9 reported by Leopold and Wolman (1960) for 50 selected 

meanders of alluvial rivers in the United States. 
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with two ~ributaries. The small stream was first observed 
early in June as a slush flow when the glacier was still 
covered by neve. Channel development began on a sinu
ous strip of ice bared by the slush flow. There was no 
evidence of a remnant channel from the previous year. 
The stream incised about 0.3 m into the glacier at this 
time and never became appreciably deeper, maintaining 
an approximate rate of downcutting equal to the down
wasting of the glacier surface. The larger stream, about 
30 m higher in elevation, was not discovered until the 
end of June; at that time it was incised 1.7 m to 3.7 m 
into the glacier. Supraglacial streams have been classified 
into two major categories: annual streams which occupy 
new channels each year, and perennial streams which 
occupy the same channels in successive years (Ewing, 
1970). The small stream on the Capps Glacier was prob
ably of the annual type, while the larger one is un
doubtedly perennial. 
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The slope of the glacier in the study area was 12% in 
the region of the larger stream and became progressively 
steeper downglacier to 200/~25% near the reaches of 
the smaller stream. Farther downglacier the slope in
creased to over 30% before flattening near the terminus. 

Large-scale maps were plotted at least twice for each 
stream dluing the summer, and measurements of mean 
velocity, slope, and cross section were made at closely 
spaced intervals along each investigated reach of the two 
streams. Additionally, observations were made of stream 
behavior where the channel crossed shear planes in the 
glacier, and ablation rates were measured daily and cor
related with mean temperature and cloud cover. 

Supraglacial streams are one of the means by which 
meltwater leaves a glacier. The discharge of a stream is 
derived from snow or ice melted from the glacier surface 
plus ablation-season rainfall. Melting can be considered 
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analogous to precipitation upon a watershed, but on a 
glacier below the transient snow line almost all the 
water which does not evaporate runs off the glacier or 
into it. In the basins of streams flowing on ice there is 
almost no capacity for storage. In an area still covered 
by neve considerable meltwater may refreeze, however. 
Discharge thus varies with the rate of melting of snow 
and ice, and there is little lag between daily maximum 
air temperature and maximum discharge. In the study 
area ablation was generally greater on clear, warm days 
than on cloudy or rainy days (Fig. 2). In addition, 
temperature showed greater diurnal variation on clear 
days, resulting in a greater concentration of ablation in 
the late afternoon, which in turn resulted in a visibly 
greater peak discharge. 

Principles of Channel Adjustment 

Leopold and Langbein (1962) related river systems to 
the second law of thermodynamics with the thesis that a 
river adjusts its channel form, through the processes of 
erosion and deposition, toward a state of maximum 
probability, or equilibrium. In open systems in steady 
state, the most probable state must satisfy a compromise 
between two opposing tendencies: (1) a uniformly dis
tributed rate of energy loss, and (2) minimum total work 
expended in the system (Leopold and Langbein, 1962, 
p. 6). This compromise has been called "quasi-equilib
rium." Applied to the longitudinal profile of a river, 
with increasing discharge downstream, the concept 
postulates a theoretical profIle for a river in adjustment. 
This theoretical profIle is discussed in the following 
three paragraphs. 

Equal distribution of energy loss on each unit area of 
the river bed requires that rQS/P be constant along the 
length of the river, where r is the unit weight of water, 
Q is discharge, S is slope, and P is the wetted perimeter. 
Assuming that width at the water surface is approximate
ly equal to the wetted perimeter, then: 

rQS/P = rQS w. (1) 

Since stream width, w, increases downstream in propor
tion to the 0.5 power of discharge (Leopold and Maddock, 
1953, p. 16), 

rQS/w a: rQS/Qo.s 

Therefore QS/P will be constant when 

sa: Q-o.s; 

(2) 

(3) 

that is, when slope is proportional to the inverse of the 
square root of discharge, a slightly concave profIle. 

Total work done in the length of the river is equal to 

fu 1 rQSdk, (4) 

where dk is a small distance along the channel. If Q in
creases downstream, expression 4 is minimal as z ap
proaches -1.0 in the expression S a: QZ: The resulting 
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profIle approaches maximum concavity, where slope in 
the headwaters approaches the vertical and slope near 
the mouth approaches a horizontal condition. 

The compromise adjustment between equal distribu
tion of energy loss and minimum total work would have 
a profile midway between slightly concave and maximal
ly concave. In most rivers the slope versus discharge re
lationshig falls between the limits of S a: Q-o.s and 
Sa: Q-l. , with an average around Sa: Q-O.7S (Langbein 
and Leopold, 1964, p. 785-786). 

Factors other than slope must also be considered. The 
empirical relationship that width increases with increas
ing discharge downstream in proportion to the 0.5 power 
of discharge is apparently also due to a quasi-equilibrium 
type of adjustment (Scheidegger and Langbein, 1966, 
pp. 10-11). A discharge is accomodated through adjust
ment of several interrelated variables: cross-sectional 
area of channel (equal to wetted perimeter times hy
draulic radius), stream velocity, bed-shear stress (To = 
r RS, where R is the hydraulic radius and r is the unit 
weight of water), the Darcy-Weisbach' resistance coef
ficient if = 8gRS/V2), sediment transport, and possibly 
others. As a stream adjusts toward a state of equilibrium, 
the pertinent variables should adjust toward a state of 
greatest possible uniformity, or minimum variance. 
Downstream changes in discharge should be taken up 
uniformly by the variables, in accordance with their rela
tive degree of importance. Within a given reach with con
stant discharge, the variables should tend toward a con
figuration of minimum variance, both totally and indi
vidually, and still satisfy the least-work constraint. Our 
present knowledge of the processes of channel adjust
ment is not sufficient to determine the relative impor
tance of the variables, but this could eventually be re
solved by adjustment studies. For the present study I 
have assigned equal weight to each of three factors: (1) 
the slope, S, of the energy-grade line, (2) bed-shear stress 
(To = rRS), and (3) the Darcy-Weisbach resistance coef
ficient or friction factor if = 8gRS/V2). All other factors 
are assigned no weight (adapted from Scheidegger and 
Langbein, 1966, p. 8) . 

Meandering reaches of rivers are far more prevalent 
than straight reaches, so they must represent a state 
more closely approaching equilibrium. Theoretically, 
then, the variances of their hydraulic variables should be 
smaller. 

Langbein and Leopold (1966, pp. 2-8) also pointed 
out that the planimetric path which best fits most 
meanders corresponds to the class of curves developed 
by von Schelling (1951,1964) for the most probable 
particle path between two points, given a normally dis
tributed deviation angle with mean of zero. The curve 
can be closely approximated by a "sine-generated" curve, 
whereby the direction angle (in degrees) is a sine (or 
cosine) function of the distance (k) along the path, ex
pressed as a fraction of a fundamental wavelength 
(M): 
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Fig. 3. (a) A meander of a supraglacial stream on Capps Glacier compared to a curve generated by using the sine 
function illustrated in (b). Values used were w = 45° and M = 5 .1 m. (b) Direction angle vs. distance along channel. 

et> = et>max Sin[~ . 360J. (5) 

In this equation et>max is the maximum angular deviation 
and M is the channel distance of one full meander. The 
equation does not describe the actual path of the curve 
in traditional x-y coordinates. To do this one must gen
erate a curve by solving (numerically) the following dif
ferential equations, hence the name, "sine-generated" 
curve: 

: = cos et> = cos [cf>max Sin(~' 360)] 

~ = sin et> = sin [cf>max Sin(~' 360)]' 
(6) 

Figure 3 compares an actual meander of the smaller 
supraglacial stream on Capps Glacier to a sine-generated 
curve. The relationship of direction angle to distance 
along the channel is also illustrated. 

Langbein and Leopold (1966) examined the hypothe
sis that curved reaches have a more uniform distribution 

of bed-shear stress and greater uniformity of the Darcy
Weisbach resistance coefficient than do straight reaches. 
They calculated bed-shear stress and the resistance coef
ficient for an equal number of uniformly spaced sections 
for curved and straight reaches of five rivers in the foot
hills of the Wind River Range, Wyoming. They were able 
to express uniformity by the standardized variances of 
these variables. Variances of bed-shear stress and the 
friction factor were always lower for curved reaches 
than for straight reaches of the same rivers, thus indi
cating that curved reaches have a greater uniformity of 
channel adjustment. Variances were also found to be 
inversely related to sinuosity (the ratio of channel dis
tance to geodetic distance); the more sinuous reaches 
had less variance than the less sinuous ones. 

Adjustment Data for Supraglacial Streams 

One curved and one straight reach of the small supra
glacial stream (discharge about 0.01 m 3 /sec) of Cap ps 
Glacier were examined on June 19-20 and again on 
August 3-4 to see whether or not the variances of the 
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slope of energy-grade line, bed 'shear, and the resistance 
coefficient decreased over time as postulated by the con
cept of entropy applied to stream channel adjustment, 
and were less for the curved reach than for the straight 
reach. A curved and a straight tributary of the large 
stream (total discharge 0.56 m3 /sec) were examined on 
July 18. A 0.6-m snowfall on August 5, with intermittent 
snowfall and subfreezing temperatures for the following 
two weeks, effectively curtailed all flow for the remainder 
of the field season and prevented a second analysis on 
the tributaries of the big stream. Sketches of the two 
streams are shown in Figure 4. 

The sections to be compared were selected because of 
similarity in discharge and slope of glacier surface. In the 
small stream no tributaries entered between the curved 
and straight reaches, but the curved (downstream) reach 
had a slightly higher discharge, presumably due to entry 
of englacial water in the section (about 30-m channel 
distance) between the two reaches. The curved and 
straight tributaries of the large stream were adjacent, 
with similar slopes and discharges. 

In both streams my field assistant and I measured 
stream width at the water surface and depths at 1.52-m 
five equally spaced points across the stream at five-foot 
intervals along the channel. From these measurements 
the cross-sectional area, wetted perimeter, and hydraulic 
radius were computed. In the large stream average 

large Stream, 7 July 1969 

Small Stream, 9 June 1969 

S'rai;ht Reach 
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velocity at each cross section was measured by the one
point method with a Price-type current meter. Discharge 
was then computed for each cross section, and the ratio of 
mean discharge to cross-sectional area was used to deter
mine mean velocity at each section for the analysis. The 
small stream was too shallow to permit use of a current 
meter. Average surface velocity was measured by timing 
floating matchsticks over the length of each reach. The 
average surface velocity was multiplied by a correction 
factor of 0.8 (Matthes, 1956), to obtain average velocity 
(V) over each reach. The velocities at each section were 
computed from cross-sectional area measurements by 
the following method, illustrated for a station i: 

A.- l = l/A. 
I I 

( ~ A.-~/N=A-l ;=1 I ) (7) 

where A; is the cross-sectional area at station i , N is the 
number of cross sections over which mean velocity has 
been measured, and V; is average cross-sectional velocity 
at i. 

I 

Fig. 4. Sketches of supraglaciaI streams on Capps Glacier. 
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TABLE 1. Variances of Slope (S), Bed Shear Stress (TO = -yRS) , and the barcy-Weisbach 
Friction Factor (f = SgRS/V2) for Supraglacial Streams near Chitistone Pass, Alaska, 1969 

Discharge 
(m 3 /sec) Slope 

Larger stream, Ju Iy 18 
Curved tributary 0.30 0 .24 
Straight tributary 0.26 0.93 

Smaller stream, June 20 0.014 
Cu rved reach 0.08 
Straight reach 0 .31 

Smaller stream, August 3 0.0076 
Curved reach 0.03 
Straight reach 0.11 

Straight Reach, 19· 20 June 

Straight Reach, 3 -4 August 

Curved Reach. 19 -20 June 

1701 , 

""1 ,,, . 
'------~---~---~-------,~" ----n"el 

D,slcntt t.tong Cl'loMtl( Mt l trs) 

Fig. S. Profiles of water surface (lower line) and energy grade (upper 
line) on the smaller supraglacial stream in June and August . The dashed 
lines indicate average energy grade. Note that the energy grade deviates 
less from the average in the case of the curved reach than for the 
straight reach. In both reaches, there is less deviation in August than in 
June . 

Variances 

Bed shear Friction factor Total 

0 .26 0.42 0.92 
1.13 1.74 3.80 

0.13 0.28 0.49 
0.31 0.32 0.94 

0.07 0.08 0.18 
0.16 0.35 0 .62 

Appendix II presents values of the hydraulic radius, ve
locity, slope, bed shear, and the Darcy-Wiesbach friction 
factor at 1.52-m intervals along both the large and small 
streams, mean values for the reach, and ratios of the mea
sured values to the mean. Variances from the mean, given 
in the tables, were computed by the formula: 

[ N - 2J variance = . ~ (X;lX - 1) /(N -1) ,= 1 
(8) 

The variances of slope, bed shear, and the friction factor 
for each reach, together with their sums, are summarized 
in Table 1. 

The data in Table 1 demonstrate two important trends: 
(1) on each date in both the large and the small streams, 
the variances of slope, bed shear, and friction factor are 
less for the curved reach than for the straight reach; (2) 
over the course of the summer the total of the variances 
is reduced for each reach of the small stream, individual 
variances being reduced in all cases except for the fric
tion factor of the straight reach. Thus curved reaches of 
supraglacial streams are closer to equilibrium than 
straight reaches, and the particular stream studied ad
justed toward equilibrium during the summer. 

Figure 5 shows promes of water surface and energy 
grade for both the curved and straight reaches of the 
small stream on June 20 and August 3. The greater de
viation of the energy-grade line from the average in the 
straight reaches is apparent in the promes. 

Processes of Channel Adjustment 

The foregoing discussion of variance of adjustment 
parameters describes stream behavior, not process. Pro
cesses of adjustment in all streams can be divided into 
two categories, those of the stream itself and those inde
pendent of the stream. 

In ordinary rivers the first category includes erosion 
and deposition, so the chief adjustment process oE-the 
supraglacial stream is differential thermal erosion of 
the bed. As water flows downhill part of its potential 
energy is converted into kinetic energy; but the water 
does not continually accelerate, so a great deal of the 
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TABLE 2. Downcutting in Small Stream, June 20 to August 3, 1969 

Distance along Curved reach downcutting Straight reach downcutting 

channel (m) (m) (ratio to mean) (m) (ratio to mean) 

0.00 2.26 1.077 
1.52 2.28 1.086 
3.05 2.20 1.048 
4.57 2.11 1.005 
6.10 2.17 1.034 
7.62 2.18 1.038 
9.14 2.15 1.024 

10.67 2.04 0.972 
12.19 1.90 0.905 
13.72 1.95 0.929 
15.24 1.86 0.886 
16.76 2 .08 0.991 
18.29 2.11 1.005 

Mean 2.10 
Variance 0.004 

potential energy is eventually dissipated as heat. The 
temperature of the water in supraglacial streams does 
not rise, as it does in ordinary streams, since tempera
tures throughout the summer at all times of day were 
O.O°C to 0.1°C, in agreement with the observations of 
Agassiz (1840). Therefore the heat energy must be used 
to melt the stream bed. 

The streams carried a very small bed load, composed 
of small pebbles from moraine areas. The load did not 

2.17 0.985 
1.88 0.853 
2.05 0.930 
2.07 0.939 
2.30 1.044 
2.36 1.071 
2.18 0.989 
2.30 1.044 
2.18 0.989 
2.37 1.075 
2 .54 1.153 
2.11 0.957 
2 .14 0.971 

2 .20 
O.OOS 

appear to be great enough to contribute significantly to 
downcutting. In both streams a few pebbles were present 
on the insides of some bends, the typical sites of point 
bars in ordinary streams. 

Thermal erosion takes place in both lateral and down
ward directions. Data showing downward erosion for 
both the curved and straight reaches of the small stream 
are presented in Table 2. The variance of downcutting 

Fig. 6. Supraglacial stream with concave bank on the outside of a bend, indicating lateral erosion. 



196 JEFF DOZIER 

\ 
::;. -.:::::..= -

::0::: 9 June 
- - 1 August 

Fig. 7. Effect of glacial movement on supraglacial stream between June 9 and August 1. The small arrows show 
movements of stakes on the glacier. In the upper sketch movement is shown relative to a stake in the middle of 
the reach. The lower sketch shows positions of stakes and stream relative to a stable datum off the glacier. Stakes 

A and B were 42.4 m apart in June and 41.5 m apart in August. 

in the curved reach is less than that of the straight reach, 
but variances for both are small. 

Some of the apparent downcutting is doubtlessly 
caused by solar radiation penetrating the flowing water 
to melt the ice below. Data are not available at present 
to evaluate this effect, but laboratory experiments could 
be devised to determine the effect of penetration of 
radiation through flowing, turbulent water. 

Structural evidence of lateral erosion exists in stream 
banks on the outsides of bends where the cross sec
tions are concave in relation to the stream, as shown in 
Figure 6. Such cross sections may occur when bank ma
terial is cohesive enough to withstand collapse even if 
undercut. Similar concave banks exist in curved reaches 
in bedrock but ordinarily not in alluvium, except where 
bank material is held together by roots. 

In ordinary streams variables which are independent of 
the stream and which affect the equilibrium of the 
stream, but would not in turn be affected by it, include 
lithology (the whole spatial pattern of different rocks 
and soils), tectonic activity such as faulting, and processes 
on slopes adjoining a channel or its tributaries which 
bring water and debris into the channel (Leopold, Wol
man, and Miller, 1964). Analogous factors are present 
for supraglacial streams. Glaciers flow, and in those for 
which annual moisture input is approximately equal to 
annual moisture loss, velocity is highest at the firn line, 
decreasing toward the terminus and toward the head 
(Nielsen, 1955). Thus, below the fim line, a normal su
praglacial stream flowing approximately parallel to the 
longitudinal axis of the glacier might be expected to 
foreshorten due to more rapid glacier movement in up
stream sections; increased sinuosity of the stream results. 
Indeed, this phenomenon was observed during the sum
mer, but the foreshortening was small. Two stakes along 

the small stream which were 42.4 m apart in June were 
41.5 m apart in August (Fig. 7). More significant fore
shortening was observed by Ferguson (1973) for streams 
on the lower Arolla Glacier, Switzerland. 

Structural variations in the glacier influence the 
streams. Shear planes normal to the stream resulted in 
knickpoints up to 15 cm high, and the upstream migra
tion of several of these was observed. One migrated 0.5 m 
in 30 days. 

The stream banks, where not protected by water, are 
subject to solar radiation. Different rates of ablation oc
cur with different exposures, the south-facing banks re
ceiving more direct sunlight in the westward-flowing 
streams. In the large, deeply incised stream the bank fac
ing the sun had a much lower gradient (as low as 40°) 
than the opposite bank, the gradient of which was never 
lower than 60° and often was vertical (Fig. 8). The 
small stream, not so deeply incised, actually migrated 
0.5 to 1.0 m toward the northwest during the summer, 
presumably because of increased ablation on the north
west bank (Fig. 9) . 

The maps in Figure 9 show planimetric changes in the 
small stream over the course of the summer. Meanders 
migrated slightly downstream, and there is an increase 
in sinuosity of both the curved and straight reaches. A 
possible beginning of a set of meanders can be seen in 
the straight reach. 

Flow velocity in both streams was supercritical; that 
is, the velocity was greater than VgDm' the velocity of a 
translatory wave. Froude numbers (ratio V/VgDmJ of 
the streams are given in Table 3. Streams flowing at 
supercritical velocity commonly have a series of standing 
waves at the water surface. If such waves were present 
on the Capps Glacier they were masked by turbulence, 
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Fig. 8 . Differences in bank slope due to differences in exposure. The steeper lett bank faces south. 

but they may have been the cause of a hump in the water 
surface in the center of the stream. 

Discharge varied both diurnally and over the summer. 
Daily maximum flow usually occurred between 3 and 5 
p.m.; flow at night usually stopped by 10 p.m., not re
suming until after sunrise. Peak discharge was much 
higher in June than in August; in the small stream, the 
discharge rate exceeded 0.014 m3 Isec in June, while in 
August, due to colder temperatures and shorter days, it 
never exceeded 0.009 m 3 /sec. In August the meander 
wavelength was approximately the same as in June, 
about 4.9 m (Fig. 9), but average width was reduced 
from 0.43 to 0.3 m. Thus the ratio of wavelength to 
width increased from 11 to i6; the stream in August 
was slightly underfit. 

The Friction of an Ice Surface 

One interesting by-product of the study is an evalua
tion of the frictional interaction between ice and running 
water. The Manning equation has been used by engineers 
for over half a century to estimate the velocity of water 
in a channel. The equation is: 

R2/3S1/2 
V = n (9) 

where V is the mean velocity in meters pe! second, R is 
the hydraulic radius in meters, S is the slope of the 

energy-grade line, and n is a roughness coefficient. The 
value of n varies from about 0.01 for smooth brass or 
glass surfaces to 0.06 for sluggish reaches of rivers. For 
the two supraglacial streams in this study the value of n 
was calculated to be 0.03, or about the same as a natural 
stream channel with some weeds and stones but no rifts 
or deep pools (King and Brater, 1963). It is possible that 
roughening of the wetted perimeter could occur through 
plucking of ice crystals which have been loosened by 
interstitial melting from the stream bed, but this process 
was not observed. In general, the wetted perimeter was 
smoother than the exposed surface of the glacier. 

Conclusions 

The major contribution of the summer's study of 
supraglacial streams to the knowledge of stream behav
ior is the field evidence that a stream adjusts during the 
summer toward an equilibrium condition. Curved 
reaches on ·ice, as on land, apparently are closer to an 
equilibrium state than are straight reaches. 

TABLE 3. Froude Numbers (VI..jgDm ) of the 
Two Streams Studied 

Cu rved reach 
Straight reach 

Larger stream 

2.0 
2.7 

Smaller stream 

2.5 (June) 
2.8 (June) 

2.4 (August) 
2.7 (August) 
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Curved Reach 

\ .. 

18.29 

:::::::::::: 19 June 

:::: 4 August 

Straight Reach 

\ 
8.14 

.. 

,/ Ablation Stoke . Arrow shows movement relative to fixed stoke ( .' ) between 19 June and 4 August 
• .0. 

\ Distance along channel in meters 

Fig. 9. Changes in curved and straight reaches of the smaller supraglacial stream from June to August. 

The small stream actually adjusted by a considerable 
magnitude: more than 2 m of downcutting. The data for 
the individual stations for June and August are probably 
separated by several perturbations around the mean of 
each reach in the adjustment of the reach toward equilib
rium. Although for any given variable-for example, bed 
shear-most of the stations adjusted toward the mean, 
some individual stations adjusted away from the mean 
or from one side of the mean to the other. More frequent, 
intensive examination of reaches of a supraglacial stream 
throughout a summer might disclose some pattern in the 
adjustment which would lead to a better understanding 
of the mechanisms by which rivers tend toward a state 
of greater equilibrium. 
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APPENDIX I 

LIST OF SYMBOLS USED IN TEXT 

'Y Unit weight of water M Channel distance (arc length) of one full 

A Wavelength of a meander meander 

To Bed shear stress (= RS) N Number of observations of a 

tP Angular deviation of channel from mean down- variable 
stream direction n Roughness coefficient in Manning equation 

tP max Maximum value of tP P Wetted perimeter of a cross section 

A Area of channel cross section Q Discharge 

Dm Mean depth in a cross section (= A /w) R Hydraulic radius of a cross section (= A/P) 

f Darcy-Weisbach resistance coefficient, also call- S Slope of energy-grade line 
ed friction factor (= 8gRS/V2) V Mean velocity in a cross section (= Q/A) 

g Acceleration due to gravity V Mean velocity over a reach 

k Channel distance (arc length) between two w Stream width at water surface 

points along a stream X Unspecified variable 
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PART A 
FIELD DATA FOR LARGER STREAM (July 18) 

Distance Water- Hydraulic radius Velocity Slope of energy· 

along surface Velocity grade line 

channel elevation* head 

(m) (m) (m) (m) (ratio (m/sec) (ratio (slope) (ratio 
to mean) to mean) to mean) 

Curved Tributary (discharge = 0 .30 m 3 /sec) 

0 .00 4.21 0.30 0.128 1.040 2.411 0 .977 
0 .141 1.324 

1.52 3.93 0.36 0.113 0.916 2.640 1.069 
0.103 0.970 

3.05 3.87 0.26 0.119 0.965 2.252 0 .913 
0.036 0.339 

4.57 3.60 0.48 0.113 0.916 3.060 1.240 
0.166 1.561 

6 .10 3.60 0.22 0.140 1.139 2.097 0.850 
0.168 1.572 

7.62 3.38 0 .18 0.149 1.213 1.890 0 .766 
0 .049 0.463 

9.14 3.38 0.11 0.174 1.411 1.448 0.587 
0.017 0.156 

10.67 3.02 0.45 0.119 0.965 2.960 1.199 
0 .088 0.822 

12.19 2.93 0.41 0.101 0.817 2.816 1.141 
0.150 1.404 

13.72 2.77 0.33 0.119 0 .965 2.539 1.029 
0 .109 1.026 

15.24 2.41 0.53 0 .101 0.817 3.216 1.303 
0 .153 1.435 

16.76 2.35 0.36 0.113 0 .916 2.640 1.069 
0.155 1.451 

18.29 2.23 0.24 0.131 1.064 2.176 0.882 
0 .041 0.380 

19.81 2.07 0.33 0 .116 0.941 2.551 1.034 
0.117 1.095 

21 .34 1.95 0.28 0.113 0.916 2.326 0.942 

Mean 0 .123 2.468 0.107 

Variance 0.024 0.035 0.243 

Total variance of slope, bed shear, and the friction factor = 0.921. 

Bed shear 

(Newtons (ratio 
per m') to mean) 

166.5 1.319 

117.3 0.929 

41 .0 0.325 

206.1 1.633 

237.6 1.882 

78.2 0.619 

23.9 0.189 

94.2 0.746 

160.9 1.274 

117.6 0.931 

159.8 1.266 

184.7 1.463 

49.0 0.388 

130.8 1.036 

126.3 

0.258 

Darcy-Weisbach 
friction factor 

(factor) (ratio 
to mean) 

0.209 1.200 

0 .157 0.901 

0.046 0 .267 

0.248 1.425 

0.478 2.749 

0.225 1.291 

0 .039 0.226 

0.090 0 .519 

0.180 1.032 

0.114 0.653 

0.149 0.857 

0.255 1.465 

0 .070 0.404 

0.176 1.011 

0.174 

0.420 
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Straight Tributary (discharge = 0.26 m3 /secl 

0.00 4 .60 0.27 0 .107 1.096 2.310 0.831 
0.083 0.687 

1.52 4.24 0.51 0 .091 0.939 3.167 1.138 
0.367 3.048 

3.05 4.11 0.08 0.149 1.534 1.259 0.453 
0.004 0.031 

4.57 3.87 0.31 0.110 1.127 '2.475 0.890 
0 .105 0 .874 

6.10 3.51 0.52 0.085 0.877 3.185 1.145 
0 .104 0.865 

7.62 3.57 0.30 0.082 0.846 2.417 0.869 
0.282 2.344 

9 .14 3.08 0.36 0.104 1.065 2 .640 0.949 
0.053 0.443 

10.67 2.84 0.51 0.073 0 .752 3.167 1.138 
0 .008 0.066 

12.19 2.76 0.58 0.076 0.783 3.359 1.207 
0.245 2.030 

13.72 2.76 0.21 0 .125 1.284 2.012 0.723 
0.067 0 .552 

15.24 2.48 0.38 0.098 1.002 2 .737 0.984 
0.Q11 0 .095 

16.76 2.10 0.75 0 .073 0 .752 3.822 1.374 
0 .106 0.883 

18.29 2.04 0.65 0 .082 0.846 3.554 1.278 
0 .241 2.001 

19.81 2.07 0.25 0 :119 1.221 2.201 0.791 
0.010 0.080 

21 .34 1.71 0.60 0.085 0.877 3.423 1.230 

Mean 0.097 2 .782 0.120 

Variance 0.050 0.061 0.938 

Total variance of slope, bed shear, and the friction factor = 3.815 

*Datum arbitrary 

80.2 0.675 

432.5 3.641 

4 .8 0.040 

100.5 0.846 

85.5 0.720 

256.9 2.162 

46.2 0.389 

5.8 0 .049 

240 .7 2.027 

72.4 0.610 

9.5 0.080 

80.9 0 .681 

237.3 1.998 

9 .6 0 .081 

118.8 

1.133 

0.086 

0.707 

0.011 

0.100 

0.087 

0.321 

0 .044 

0.004 

0.267 

0.103 

0.007 

0.048 

0.229 

0.010 

0.145 

0.592 

4.888 

0.076 

0.694 

0.603 

2.223 

0.303 

0.030 

1.847 

0.711 

0.049 
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0 .067 

1.744 
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APPENDIX II 

PARTB 
FIELD DATA FOR SMALLER STREAM Uune 20) 

Distance Water- Hydraulic radius Velocity Slope of energy-
along surface Velocity grade line 

channel elevation · head 

(m) (m) (m) (m) (ratio (m/sec) (ratio (slope) (ratio 
to mean) to mean) to mean) 

Curved Reach (discharge = 0.015 m3 /sec) 

0.00 1707.19 0.16 0.031 1.131 1.747 1.306 
0 .137 0.738 

1.52 1706.95 0.1 9 0 .023 0.829 1.905 1.425 
0 .239 1.290 

3.05 1706.72 0 .06 0.024 0.873 1.049 0.784 
0 .200 1.078 

4 .57 1706.33 0 .13 0.032 1.176 1.612 1.206 
0.148 0 .799 

6.10 1706.16 0.08 0.023 0.851 1.259 0 .942 
0.218 1.177 

7.62 1705.86 0.05 0.035 1.299 0 .994 0.743 
0 .170 0 .919 

9.14 1705.52 0.13 0 .020 0.717 1.573 1.176 
0.243 1.310 

10.67 1705.21 0.07 0 .032 1.187 1.201 0.898 
0 .258 1.395 

12.19 1704.83 0.05 0 .039 1.433 1.036 0.775 
0.128 0.693 

13.72 1704.59 0.10 0.027 1.008 1.399 1.046 
0.216 1.169 

15.24 1704.25 0.11 0.027 0 .985 1.457 1.090 
0.095 0 .515 

16.76 1704.18 0.04 0.020 0 .728 0.878 0.657 
0 .170 0.916 

18.29 1703.88 0.08 0.021 0 .784 1.271 0 .951 

Mean 0 .027 1.337 0 .185 

Variance 0.052 0 .055 0.078 

Total variance of slope, bed shear, and the friction factor = 0.478 

Bed shear 

(Newtons (ratio 
per m') to mean) 

35.7 0.714 

54.1 1.084 

54.5 1.092 

40.0 0.800 

62.4 1.250 

45.7 0.915 

61.5 1.232 

90.2 1.806 

41.8 0 .836 

57.5 1.151 

21.8 0.436 

34.2 0.684 

49 .9 

0.125 

Darcy -Weisbach 
friction factor 

(factor) (ratio 
to mean) 

0 .086 0.348 

0.199 0 .808 

0.246 1.003 

0.155 0.631 

0.394 1.602 

0.222 0.903 

0 .256 1.041 

0.577 2.346 

0.225 0.917 

0.225 0.917 

0.128 0.520 

0.237 0.964 

0.246 

0.275 
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Straight Reach (discharge = 0 .013 m3 /sec) 

0 .00 1716.38 0.13 0.026 0.990 1.612 1.086 
0.309 1.348 

1.52 1715.88 0.17 0 .027 1.013 1.817 1.224 
0 .148 0.648 

3.05 1715.72 0.09 0.030 1.128 1.362 0.918 
0.114 0.498 

4.57 1715.49 0.16 0.027 1.036 1.747 1.177 
0.137 0.599 

6.10 1715.39 0 .04 0.034 1.267 0 .933 0 .628 
0 .218 0 .951 

7 .62 1714.97 0.13 0 .020 0 .737 1.597 1.076 
0.295 1.290 

9 .14 1714.50 0 .16 0.027 1.036 1.747 1.177 
0.217 0 .949 

10.67 1714.23 0.09 0 .025 0.944 1.326 0.893 
0.231 1.010 

12.19 1713.81 0.16 0 .023 0 .864 1.759 1.185 
0.144 0 .628 

13.72 1713.69 0.06 0.029 1.094 1.119 0.754 
0.180 0.784 

15.24 1713.31 0.17 0 .025 0.933 1.798 1.211 
0 .588 2.571 

16.76 1712.52 0.06 0.029 1.082 1.119 0.754 
0 .166 0 .724 

18.29 1712.23 0.09 0.023 0.875 1.362 0.918 

Mean 0 .026 1.484 0 .229 

Variance 0.018 0 .041 0 .316 

Total variance of slope, bed shear, and the friction factor = 0.946 

- Datum mean sea level 

80.1 1.358 0.218 

41.2 0.698 0.130 

32.0 0 .542 0.106 

40.9 0 .694 0.182 

56.5 0 .958 0.282 

67 .8 1.150 0.194 

55.8 0.946 0.189 

54.2 0.918 0 .182 

36.4 0.618 0 .141 

47.1 0 .799 0.177 

153.6 2.605 0.578 

42.0 0 .713 0 .218 

59.0 0.217 

0.309 

1.006 

0.602 

0.489 

0.842 

1.304 

0.897 

0.873 

0.841 

0.651 

0.819 

2.668 

1.009 

0.321 
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PART B (Cont'd) 
FIELD DATA FOR SMALLER STREAM (August 3) 

Distance Water· Hydrau I ic rad ius Velocity Slope of energy· 

along surface Velocity grade line 

channel elevation· head 
(m) (ratio (ratio (ratio 

(m) (m) (m) 
to mean) 

(m/sec) 
to mean) 

(slope) 
to mean) 

Curved reach (discharge = 0.0076 m3 /sec) 

0 .00 1705.24 0.11 0.021 0.994 1.451 1.268 
0.170 0 .967 

1.52 1704.99 0.10 0.019 0.908 1.393 1.217 
0.134 0.762 

3 .05 1704.83 0.06 0.015 0 .706 1.113 0.972 
0.201 1.145 

4 .57 1704.54 0.04 0.020 0.922 0.893 0.780 
0.138 0.788 

6.10 1704.31 0.06 0.020 0.922 1.073 0.937 
0.192 1.095 

7.62 1704.00 0.08 0.023 1.095 1.253 1.094 
0.220 1.256 

9 .14 1703.69 0.05 0 .022 1.038 1.012 0.884 
0.137 0.784 

~ 10.67 1703.48 0.05 0.017 0.822 1.021 0.892 
1r 0.140 0.801 

12.19 1703.24 0.08 0.023 1.110 1.253 1.094 
0.193 1.101 

13.72 1702.96 0.07 0.025 1.196 1.140 0.996 
0.175 1.000 

15.24 1702.71 0.05 0.022 1.038 1.012 0.884 
0.185 1.054 

16.76 1702.42 0.06 0.022 1.023 1.113 0.972 
0.219 1.248 

18.29 1702.08 0.07 0.026 1.225 1.155 1.009 

Mean 0.021 1.145 0 .175 

Variance 0.021 0.019 0.033 

Total variance of slope, bed shear, and the friction factor = 0.180. 

Bed shear 

(Newtons (ratio 
per m') to mean) 

33.4 0 .919 

22.3 0.614 

33.8 0.931 

26.4 0.726 

40.1 1.103 

48.6 1.338 

26.4 0.728 

28.1 0.772 

46.1 1.268 

40.5 1.115 

39.4 1.085 

50.9 1.401 

36.3 

0.067 

Darcy·Weisbach 
friction factor 

(ratio (factor) 
to mean) 

0.132 0.569 

0.114 0.490 

0.269 1.159 

0.218 0.941 

0.237 1.022 

0 .303 1.307 

0.205 0.881 

0.174 0.748 

0.258 1.109 

0.280 1.206 

0.280 1.204 

0.317 1.364 

0.232 

0 .080 
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Straight Reach (discharge = 0.0076 m3 /sec) 

0.00 1714.52 0.12 0 .024 1.064 1.524 1.151 
0 .164 0 .720 

1.52 1714.30 0.08 0.021 0 .943 1.289 0.974 
0.186 0.815 

3.05 1713.98 0.12 0.021 0.930 1.524 1.151 
0.172 0.752 

4.57 1713.72 0.12 0 .019 0 .849 1.509 1.139 
0 .225 0 .987 

6 .10 1713.40 0.10 0 .019 0 .835 1.396 1.054 
0.343 1.504 

7 .62 1712.91 0.06 0.026 1.132 1.097 0.829 
0.149 0.653 

9 .14 1712.62 0.13 0 .021 0.930 1.597 1.206 
0 .265 1.162 

10.67 1712.24 0.11 0 .019 0 .849 1.451 1.096 
0 .216 0 .949 

12.19 1711.94 0.07 0 .022 0.956 1.198 0 .905 
0.193 0.846 

13.72 1711.61 0.11 0 .023 1.024 1.436 1.084 
0.396 1.735 

15.24 1711.07 0.04 0 .030 1.347 0 .936 0.707 
0.225 0.987 

16.76 1710.71 0.06 0.025 1.091 1.097 0.829 
0.203 0.B91 

18.29 1710.39 0.07 0 .024 1.051 1.161 0.877 

Mean ' 0 .023 1.324 0.228 

Variance 0.020 0.025 0 .105 

Total variance of slope, bed shear, and the friction factor = 0.622 

*Datum mean sea level 

36.5 0.718 

38.5 0.758 

33.8 0.664 

42.0 0 .825 

74.7 1.469 

34.0 0.668 

52.2 1.026 

43.3 0 .851 

42 .3 0.833 

103.9 2.044 

60.7 1.195 

48.2 0.948 

50.8 

0.163 

0 .147 

0.156 

0 .118 

0.159 

0.384 

0.150 

0.180 

0.197 

0.195 

0.591 

0.470 

0.302 

0.254 

0 .580 

0.613 

0.462 

0.626 

1.513 

0.589 

0 .707 

0.776 

0.768 

2 .326 

1.850 

1.189 

0.354 

Cl> 

~ 
;I:l 
;I> 
C"l 
t'"' 
;I> 
n 
:; 
t'"' 
Cl> 
>-l 

~ 
~ 
Cl> 

N 
o 
VI 





ICE FIEND RANGES RESEARCH PROJECT, SCIENTIFIC RESULTS: VOLUME 4 
(AMERICAN GEOGRAPHICAL SOCIETY-1974) 

Snowmelt Along the Environmental Transect at 
Chitistone Pass, A laska During the Summers 

of 1967,1968, and 1969 

Thomas R. Detwyler* 

To collect information on several environmental 
elements and processes in a high latitude alpine pass, a 
transect across Chitistone Pass, Alaska was established 
by Thomas Detwyler and Stuart Loornis on May 30-31, 
1967. The general location of the environmental transect 
is shown by Marcus (Fig. 7, p. 6, this volume). 

The transect is 1075 m long; it commences at 
1794.5 m (5888 ft) elevation on the west side of the 
pass, at a point which is marked in the field by a half
inch diameter steel stake positioned just downhill from a 
large boulder. From there the transect runs E 38°S. The 
eastern end, on an exposed bedrock knob, is marked by 
a 0.9 m high stake at 1852.3 m (6077 ft) elevation. The 
latter end is near the highest point on the transect 
(1852.8 m). The lowest elevation, 1772 m (5813 ft), 
is between stations 260 and 280. The topographic pro
ftle was surveyed August 15, 1967 using rod and alidade. 
The small lake that heads the Chitistone River served as 
the elevational datum (5805 ft according to McCarthy 
C-3 U.S.G.S. Topographic Quadrangle). 

Figure 1 shows the topography and depth of soil 
mantle along the transect, the decline in snow depth 
during the 1967, 1968, and 1969 summer seasons, and 
the downward progression of soil thawing in 1968. Rela
tions between vegetational variations and duration of 
snow cover along the transect are discussed elsewhere 
(Detwyler, pp. 357-362, this volume). Climatic observa
tions by Brazel (1972) closely parallel this environmental 
transect. 

The decline in depth and areal extent of snow cover 
during each summer was studied by re measuring, every 
week or so, the depth of snow at stations established 
about every 20 m along the transect (Fig. 1). Thus there 
are 54 systematically spaced sampling points. Snow 
depths were measured by ramming a pointed wooden 
pole or steel rod to the ground. 

The average depth of snow along the transect before 
the start of summer melting probably is not an accurate 
indicator of winter snowfall in the pass area, as snow is 
eroded and re deposited by southwest winds which 

"Department of Geography, University of Michigan, Ann Arbor 
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channel through the pass most of the time (Brazel, 
1972). Locally landforms have a strong influence on the 
sculpturing of snow by wind, as is shown by the very 
similar snow-topography relations and initial snow 
depths at the end of each winter. With respect to the 
latter, the mean depth of snow along the transect was 
1.55 m on May 30, 1967 and 1.57 m on May 28, 1968. 
As for snow-topography relations, a glance at the snow 
proftles confirms that the distribution of snow is con
sistently correlated with topography. Drifting creates 
deep snow banks in hollows. Maximum snow depths 
along the transect, 4.50 m in 1967 and 4.10 m in 1968, 
were both recorded at the station at 840 m. 

Snow density measurements reveal that the mean 
initial snow layer across the pass has a water equiva-
lent of approximately 7.0 cm. Snow densities at various 
depths near the station at 380, measured on June 4, 
1967 were about what one might expect (Embleton and 
King, 1968) for wind-packed snow after one winter: 
0.33 at 5 cm above ground, 0.42 at 25 cm, 0.41 at 50 
cm, 0.53 at 75 cm, 0.53 at 100 cm, and 0.47 near the 
snow surface (111 cm); mean density was 0.49. At some 
stations lenses of ice were encountered in the process 
of plumbing to measure snow depth. Nearly all such 
lenses were near the ground and therefore probably 
reflect periods of partial melting in autumn after early 
snowfalls. 

The pass is more than 97% snow covered until late 
May; some knobs apparently are bare all winter. In 
June, with the onset of thawing temperatures, snow dis
appears first from places where snow cover is thinnest, 
the knobs. Snow depth decreases rapidly and the areal 
extent of snow cover declines from about 75% to 25% 
during a two-week period. In 1967 this period was the 
last half of June, in 1968 it was the first half of July. 
Thus, the timing of snowmelt can vary somewhat from 
year to year, according to energy inputs (Detwyler, Fig. 
1, p. 356, this volume). All measurement stations were 
bare by August 11, 1967, and by August 18, 1968. A 
few snowbanks persist later elsewhere in the pass area. 
Although new snow fell occasionally in all summer 
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months, it seldom remained for more than a few hours. 
It is not known when a lasting snow again covered the 
ground, marking the onset of another winter. However, 
6.2 inches of s~ow fell on August 20, 1967 and much of 
it remained on the ground for 48 hours. 

Bedrock along the transect is mostly covered by a 
variably thick layer of soil; rock crops out at only 4 of 
the 54 measurement stations. The maximum depth of 
soil is 115 cm (at station 620) . The mean depth of soil 
is 62 cm. 

The soil is frozen during most of the year, thawing 
only briefly after the clearance of snow. In 1968 the 
downward march of the thaw zone along the transect 
was recorded weekly by sounding with a steel rod at 
each station. By late summer the entire soil mantle had 

THOMAS R . DETWYLER 

thawed. Permafrost undoubtedly remains in nearly all 
of the bedrock underlying the soil, since there is a strong 
tendency for dynamic equilibrium to prevail between 
the depth of bedrock weathering, the depth of soil, and 
the depth of summer thawing. 

The author gratefully acknowledges the assistance of 
several people, especially Stuart Loomis and Tony 
Redente, in the taking of field measurements. 
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ICEFIELD RANGES RESEARCH PROJECT, SCIENTIFIC RESULTS: VOLUME 4 
(AMERICAN GEOGRAPHICAL SOCIETY-1974) 

Snow Studies at High Elevations, Mt. Logan, Yukon 

Joseph C. ~aBelle* 

ABSTRACT. Snow studies were carried out above 5300 m on Mt. Logan during the summers of 1968 
through 1970. Studies of snow properties in 1968 indicate that surface density increases with elevation at a 
rate of 74 to 89 kg/m 3 per lOO-m rise. This is because of increasing exposure of snow to wind-packing effects. 
Temperatures in the upper layers of snow, but below the level of diurnal fluctuations, decrease with an in
crease of elevation at a rate of 3.7°C per lOO-m rise . The large lapse rate may be a result of increased cooling 
by evaporation or sublimation with an increase in wind exposure at higher elevations. Likewise, during 
periods of temperature inversion over the snow surface, cooler temperatures in the snow on the summit 
plateau glacier may be caused by cold air becoming trapped in the high basin in which the glacier sits. 

Studies of snow accumulation in the summit region, from May 1968 to August 1970, show net accumula
tion to be essentially zero on the steep slopes and tops of the summits, and "obstacle-deposit" topography 
seems to have reached equilibrium with prevailing winds. Changes in snow surface are only those derived 
from transient forms, such as ripple marks, sastrugi, or dunes, which migrate over the hard, highly wind
polished, stable firn base representing the semi-permanent form of the summits. The peaks of rock summits 
of near vertical form remain free of snow cover. Over gently sloping rock summits, however, a shallow dune· 
shaped snow cover forms whose net thickness does not change. 

The summit plateau glacier lies on the lee side of the long summit ridge and accumulates snow from a com
bination of normal precipitation and heavy wind drifting, in a manner similar to "Ural"-type drift glaciers. 
Snow drifts form in the "wind shadows" of summits, and also in the lee of "drift corridors." 

Mt. Logan (Plate 1)1 is 6050 m (19,850 ft) high and 
catches a major portion of precipitation from coastal 
storms whose tracks are predominantly from the south
west. It is the culminating point of the St. Elias Moun
tains, the topographic barrier between the Gulf of Alas
ka and the continental interior. This paper describes 
snow studies which were carried out above 5300 m in 
the Mt. Logan summit region. The research was in con
junction with c1imatological (Marcus and LaBelle, 1970; 
Marcus and Brazel, pp. 117-119, this volume) and physio
logical (LaBelle and Houston, 1970) investigations dur
ing the summers 1968 through 1970. 

Field Methods 

Field investigations of the upper layers of snow cover 
in alpine surroundings above 3050 m elevation and lati
tude 60

0
N have been reported by Benson (1963), Grew 

and Melior (1966), Alford (1967), Alford and Keeler 
(1968), Keeler (1969) and Marcus (this volume, pp. 219-
223). These reports however, do not describe snow prop
erties and conditions at elevations higher than about 
4900 m. 

In order to gain insight into the processes at work in 
the higher snowpack of the Mt. Logan summit region 
during the summer of 1968, daily glaciological and me
teorological observations were made on the plateau 

• Arctic I nstitute of North America 
I Plate 1 is a map inside the back cover of this volume. 
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glacier; additionally, snow pits were established through
out the summit region. Accumulation rates in the sum
mit region were measured during the period of May 1968 
to August 1970. On the plateau glacier, daily observa
tions included surface snow density and snow tempera
tures at depths of 10,20, and 30 cm. Concurrently, ob
servations were taken of air temperature, wind direction 
and speed, solar radiation, barometric pressure, cloud 
cover, and precipitation. 

Studies of snow density and temperature were made 
using a standard CRREL snow kit. A shallow pit was ex
cavated daily for temperature readings at 10, 20, and 30 
cm. Day-time temperature fluctuations with depth were 
determined in a snow pit dug to a depth of 1.8 m; at 
night the pit wall was cut back about 0.6 m and tem
peratures were again recorded. Other snow-pit studies 
were made on th~ plateau glacier (5360 m), Northwest 
Col (5400 m), Research Col (5580 m), Research Knob 
(5603 m), AINA Peak (5608 m), and North Peak (5 561 
m) (Fig. 8, p. 7 of this volume). 

Measurements in each pit included density at 20-cm 
intervals, temperature at 10-cm intervals, and depths to 
prominent stratigraphic horizons. Pits above the plateau 
glacier were generally dug to the depth at which snow 
hardness made it no longer possible to insert the sam
pling tube. On some occasions, the onset of bad weather 
forced the early abandonment of a pit. 

Surface-snow characteristics were studied daily near 
the high camp at 5360 m. Snow-pit observations were 
made at lesser intervals in pits excavated on and above 
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the summit plateau glacier, and stakes were installed in 
lines extending from the glacier to several of the major 
peaks in order to investigate snow accumulation and dis
tribution. 

Accumulation and ablation rates were measured to de
termine whether net snow accumulation on the summits 
is positive, negative, or zero. Each summer several snow
stake lines were installed on the summit plateau glacier 
and run up to several summits on windward, leeward, 
and crosswind slopes (Fig. 1). These were checked 
throughout the season, and also from year to year, to 
obtain annual variations. Each summer's accumulation 
rates are shown in Figure 2. Wind trends for each of the 
summer seasons under study are represented in Figure 3. 
These wind data were measured at the AINA camp at 
5360 m on the plateau glacier, and undoubtedly reflect 
deflection by the high summits of the mountains which 
lie to windward (the plateau glacier sits in the lee of the 
main summit ridge of Mt. Logan) . Observations of rime 
cornices on several peaks, and rime banners on old poles 
left on the mountain, indicate a prevailing wind from 
approximately 215

0 
on the summits. 

Stake measurements of snow accumulation are some
what inexact because of differential settling rates of 
snow at individual stakes and preferential ablation in the 
vicinity of the stakes. Also, micro topographic features in 
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Fig. 1. Mt. Logan plateau glacier and surrounding peaks viewed 
from the northwest, with topographic profiles of the snow stake 
lines. Elevations and distances in meters. Names of geographic 
features are unofficial. Sketch in upper half of Figure 1 is by Niki 
Threlkeld. Dashed lines have been added to sketch to delimit 
shear zone referred to by M. Page (pp. 227-234 of this volume). 
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Fig. 2. Snow accumulation profiles- Mt. Logan plateau glacier 
and surrounding peaks, summers of 1968,1969,1970. Accumu

lation data in centimeters. 

the vicinity of stakes, such as migrating snow dunes, sas
trugi, and ripples, tend to make determinations difficult 
and faulty (Mock, 1965). However, valuable information 
concerning relative accumulation rates can still be de
rived from the stake data. 

Snow Density and Temperature 

Properties of snow from the time of nucleation and 
subsequent crystal growth in the atmosphere to the dia
genetic changes which fallen snow undergoes prior to 
metamorphism are well described and documented by 
Bader, et al. (1939), Nakaya (1951), Mason (1958), 
Bader and Kuroiwa (1962), Anderson and Benson 
(1963), Yosida (1963), and others. Excellent summaries 
are found in Ice and Snow, edited by w. D. Kingery 
(1963), parts of the monograph series Cold Re-
,?ions Science and Engineering, edited by F. J. Sangar 
;1962), and Physics of the Snow and Ice, edited by 
H. Oura (1967). For the Mt. Logan snow-pack, 
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Fig. 3. Wind roses for AINA camp, Mt. Logan plateau glacier, 
summers of 1968, 1969, 1970. Wind direction as percentage of 

total time. 

a review of 1968 density and temperature 
characteristics pl~ces these factors in perspective and 
helps explain the accumulation and distribution of snow 
over the plateau and summit areas. 

Snow temperature and density variation throughout 
July 1968, are illustrated in Figures 4 and 5 respectively; 
Figure 6 gives 1970 values. The temperatures of the snow 
follow rather closely the variations in mean air tempera
ture and exhibit no noticeable time lag at shallow depths. 
For 24-hour periods, the major differences between 
snow and air temperatures occur on clear nights, when 
long-wave radiation from the snowpack at these altitudes 
is extremely high. On these nights, as soon as the sun 
dropped behind a ridge, temperatures in the surface layer 
dropped rapidly, plummeting far below the ambient air 
temperature. For example, on one occasion the snow 
temperature at 2230 hours was 13°C below the air tem
perature, and was still descending rapidly. In contrast, 
near-surface snow and air temperatures coincided ex
actly in the daytime. 

Density and temperature data from the snow pits are 
represented in Figure 7. The temperature proftles indi
cate long-term maintainence of the winter deep-freeze at 
depth in the snowpack and warming near the surface. 
Upper level variations for Research Knob and North Peak 
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- 1 

- 25 28 30 1 

June July 

jig. 4. Daily 1968 snow temperatures at indicated depth, pla
teau glacier, 5360 m. 

represent the lag effect from short-term weather fluctua
tions. The mean annual temperature is approximated at 
about 10-m depth in this polar environment. Thus, it is 
expected that the diurnal temperature wave attenuates 
with depth, but it is mostly damped by 1-1.5 m. These 
data show agreement with Alford's (1967) results lower 
on the mountain. Density values on the plateau glacier 
and surrounding summits show considerable vertical and 
areal variation (Figs. 5, 6, and 7). This is primarily due 
to two factors. First, wind packing and subsequent accu
mulation leave residual dense layers in the pack (for ex
ample, at Northwest Col and Research Knob). This is 
especially crucial in the case of snow deposition during a 
storm with moderate or high winds, which cause sinter
ing and higher densification. Second, when snow falls 

v 
JULY 

Fig. 5. Variations of surface snow density, from July 4-31, 
1968, plateau glacier, 5360 m. 
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Fig. 6. Snow density and temperature profties, plateau glacier, 
5360 m, 1970. 

under calm or light wind conditions (most of the storm 
events in Figure 5) in this cold environment, low surface 
densities result. 

To assess variations of snow density with altitude, the 
density of the surface snow in each pit, as well as the 
mean density throughout the upper 1 m, are plotted 
against altitude (Fig. 8). Lines were fitted by the least 
squares method for each condition. Because the lines are 
nearly parallel, the density-altitude relationship reflects 
general tendencies rather than isolated climatic events. 
Although the line is a rough fit, it is apparent that the 
surface snow density increases with altitude at a rate of 
about 74 kg/m3 per lOO-m rise; the slope of the mean 
pit density line is 89 kg/m3 per lOO-m rise. This increase 
in snow density with altitude is normal for alpine re
gions. 

On large, low-gradient ice caps, as in Greenland, Ant
arctica, and those parts of the St. Elias Mountains where 
topographic gradient is not an important factor, the op
posite is true. Grew and Mellor (1966), in studying the 
relatively flat snowfields of the Icefield Ranges at Sew
ard Camp (1900 m), Divide Camp (2600 m), and 
Lucania Camp (3600 m), found a decrease in snow den
sity with altitude. It is felt that the prime controlling 
factor in the decrease of snow density at higher eleva
tions is the normal temperature lapse rate. In the very 
high mountains, however, where slope gradients are 
steeper and topography more abrupt, wind plays such 
an important role in snow densification that it com-

]OSEPH C. LABELLE 

pletely masks the temperature effect. Increase in altitude 
in high alpine regions is almost always accompanied by 
an increase in wind packing, which is probably the most 
significant reason for the results seen here. Though the 
effect of altitude is a simple relationship in regions where 
slope inflection and topography can be ignored or ran
domized, it is a combination oflocal conditions which pro
duce the most striking changes in an alpine region. 

In Figure 9, temperatures at 1-m depth are plotted 
against altitude. In general, temperatures appear to de
crease with altitude, but at a much greater rate than the 
nominal temperature lapse rate in the atmosphere would 
suggest. One possible explanation is that increased ex
posure to wind at higher altitudes may cause increasing 

% ... .. ... 

., 
0 

:: ., .. 
M 
0 !!! . 

100 .. -: 

c . 
z 

, .. , 
c c 

150'---_-'-_--,-JL-_-'-_--' 
o 

50 

E 
o ., ., ., 

o 100''---_--'-__ '--_.....1 
o 

; 
:: 
M 

., 
0 OD . !!! .. 40 

~ 

0 ~ z 

E ., .. 
~ ., 
;; ., 
u .. 

!!! . 
~ i 200 

z ~ 

300'---_-'-__ '---_-'-_----' 

200 300 400 500 600 - 10 -15 -20 -25 

TEMPERATURE (-C) 

Fig. 7 . Snow density and temperature profiles (selected sites). 

-30 



SNOW STUDIES AT HIGH ELEVATIONS 

5700 
:[ 

::( 5500 

15400 

100 

• __ surface density 

density averagfld over 
o ---ane meter depth 

• 
ZOO 

215 

300 400 500 

DENSITY (kglr.1 3) 

Fig. 8. Variation of snow density with altitude. 

sublimation cooling in the upper layers of the snow. 
Figure 9 indicates a rough lapse rate in the snow of 
-3.7°C per lOO-m rise. There is, however, a large dis
continuity at about 5500 m. All pit sites below that 
altitude were located on the summit plateau, a less 
windy, shallow-gradient basin surrounded by high peaks 
and ridges. 

Snow Accumulation and Distribution 

In a dry snow region, such as the upper slopes of Mt. 
Logan, accumulation may be expressed as done by 
Melior (1961): 

accumulation = precipitation + snow blown in 
+ hoar formation - snow blown away - evaporatiqn 

It is often difficult, however, to determine the propor
tional contribution of each factor (Diamond and Gerdel, 
1957). It is even more difficult, in high wind conditions, 
to distinguish precipitation from blowing snow. 

Grew and Melior (1966) and Marcus and Ragle (1970) 
have reported the general accumulation patterns and 
processes in the glacier valleys and lower plateaus of the 
St. Elias Mountains and attempted to relate them to cli
mate and elevation. Works by A1ford (1967), A1ford and 
Keeler (1968), Keeler (1969), and Marcus (this volume, 
pp. 219-223), have given insights into accumulation on 
the lower slopes of Mt. Logan which indicate that little 
control over accumulation is exerted by elevation alone. 
This is in direct contrast to the situation in major polar 
areas, such as Greenland and Antarctica, where ice-sheet 
surfaces slope gently. In those regions, precipitation in
creases with altitude up to a certain level, above which 
the air mass loses its moisture and accumulation decreases 
(Benson, 1962). Benson doubts that an accurate precipi
tation-altitude relationship can be obtained in a moun
tainous region because of the strong topographic influ
ence. Keeler (1969) states that differences in accumula
tion from place to place on Mt. Logan are probably due 
to wind redistribution, since local winds are largely in
fluenced by terrain topography, which seems to be an 

indirect but dominant factor in control of accumulation 
in mountain regions. 

A correlation is known to exist between accumulation 
rates and broad-scale, gently undulating surface features. 
Highest accumulation rates are found in the troughs of 
undulations, and lowest rates on the crests (Melior, 1965; 
Shumskii, 1964). Gow (1965) found this relationship in 
Antarctica where he noted that gently rolling topography 
near Byrd Station directly affected snow accumulation. 
He found that abrupt changes in slope produced large 
differences in accumulation. 

Summit area accumulation. The accumulation proHles 
of Figure 2 show the strong influence of topography. 
Snow accumulation is greatest on the flat summit plateau 
glacier and falls off rapidly as the slope gradient increases, 
reaching essentially zero on the summits. Investigation at 
various times during the observation periods shows ·that 
the wide range of accumulation figures over short inter
vals on the steep slopes is due entirely to the presence of 
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Fig. 10. Steep underlying rock protrudes as summit above dune 
form. 

free surface forms-especially migrating dunes and sas
trugi-on a very hard, highly wind-polished base of old 
firn. On some days a stake would be entirely free of 
snow above the fun base, whereas on other days the 
firn would be nearly covered, only to be freed of snow 
again shortly thereafter. The base appears to be quite old 
and stable; crampon footprints introduced to the surface 
several years ago are still perfectly preserved. Of the 
stakes installed in 1968, those which have survived to 
1970 show zero net accumulation over more than two 
years. 

The large-scale processes operating in these steep sum
mit regions appear to be similar to those occurring in the 
formation of dunes (Bagnold, 1954). With high winds, 
material is removed from the crests of dunes and de
posited in the lee, where the wind is thrown into turbu
lent flow and can no longer hold the load in suspension. 
When the obstacle to wind flow is a dune of unconsoli
dated material, the result is the migration of the dune. If 
the obstacle is fixed, such as a bedrock outcrop, material 
is blown from the crest of the obstacle and deposition 
occurs in the "wind shadow" behind it (Bagnold, 1954). 

In the case of snow blown across a rocky summit, bank 
drifts, cornices, and ridges form at and behind the obsta
cle (Shumskii, 1964). A certain amount of deposition al
so occurs in front of the obstacle, where grains bounce 
off and are dropped in the relatively calm region directly 
adjacent to the obstacle. Direct accretion occurs here al
so, as grains are driven into the deposited heap by the 
wind. Forms continue to be deposited and modified un
til a shape is created that is in stable equilibrium with 
the prevailing wind conditions. This occurs when the de
posited form grows to such an extent that it reaches be
yond the wind shadow into the region of smooth, high
speed wind flow. There, grains are wafted aloft and 
carried away. 

]OSEPH C. LABELLE 

If wind speed and direction remained absolutely con
stant, the obstacle-deposit form would eventually reach 
total equilibrium, and no further alteration of shape 
would occur. In nature, however, these factors are not 
fixed, and new scour and deposition occur with each 
change. Winds of a given speed and direction scour the 
surface to a moderate depth where the topography ex
tends beyond the wind shadow. Shallow deflation pock
ets are created. As the pockets again form wind shad
ows, they are refilled with snow during a storm with 
different wind conditions. If there is a limited amount of 
wind variation (as is often the case in mountain regions 
where prevailing winds are fairly dominant), certain 
parts of the depositional topography are never exposed 
beyond the wind shadow and become semi-permanent 
forms of the topography. At best, only transitory sur
face features develop over these forms and net accumu
lation over time is zero. The essential topography remains 
fixed until a climatic change initiates new equilibrium 
conditions, causing the old form to be eroded and a new 
one created. 

This seems to account for the existence of the hard 
and highly polished stable base of old firn found on the 
summit slopes of all peaks investigated. The age of this 
surface is entirely unknown, but it was probably estab
lished several years ago with little subsequent modifica
tion, as prevailing wind and general precipitation condi
tions have long remained unchanged. There is no melt 
season to affect the base at these altitudes and its thick
ness is slight enough to introduce little flow. Only very 
slow downslope movement is indicated by narrow 
cracks and crevasses in the summit regions; these re
main essentially unchanged from year to year. 

The firn layer on the summit of Research Knob (5603 
m) was studied in 1968. The true summit of the peak is 
exposed bedrock but the stable fun layer laps against 
the rock only a few meters below the top. A snow pit 
was excavated there, and at 120-cm depth a layer of 
depth hoar was found, bound in an extremely delicate 
network and varying in thickness up to 10 cm. The in
dividual crystals were hexagons more than 1 cm in di
ameter. This layer was overlain by hard snow with den
sity varying from 344 to 452 kg/m3, and underlain by a 
hard, icy material, into which standard CRREL snow 
sampling tubes could not be inserted. A block was sawed 
out, trimmed, weighed, and found to have a density of 
568 kg/m3 (Fig. 7, Research Knob). 

Other snow pits dug in the summit region penetrated 
the stable layer after passing through the ephemeral sur
face snow. The stable layer was reached at 32 cm on 
North Peak, approximately 150 cm on AINA Peak, 95 
cm in Research Col, and approximately 100 cm in North
west Col (Fig. 7). 

The question naturally arises as to why some summits 
have exposed bedrock tops, which never become buried, 
while others are snow-dome summits, with the bedrock 
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Fig. 11. Completely snow-covered summit at right has gently 
sloping dune shape. Central and left-hand summits have small, 

steep rock peaks protruding above the dune forms. 

a few meters under a stable snow mantle. Bagnold (1954), 
in discussing blowing sand phenomena, mentions that ob
stacles with nearly vertical sides never become totally 
buried. Those with gentle slopes can become buried un
til the overall dune-shape of the mass reaches equilibrium 
with the wind. It has indeed been noted on Mt. Logan 
that all summits with exposed rock have steep slopes 
(Fig. 10), and all snow-covered summits have gently slop
ing dune shapes (Fig. 11). The latter appear to be in 
equilibrium. 

Plateau area accumulation. The summit plateau glacier 
of Mt. Logan sits in a large, gently sloping basin on the 
lee side of the main summit ridge (Fig. 12), rising from 
about 4800 m to 5500 m over a distance of several kilo
meters. Because of this location snow distribu tion on the 
plateau surface is significantly influenced by topography. 
The physical situation conforms closely to that described 
by Dolgushin (1960) for the formation of "Ural"-type 
drift glaciers in the Soviet Union, and by Outcalt and 
MacPhail (1965) for the Rocky Mountains. Ural-type gla
ciers are formed by a combination of normal precipita
tion and wind-borne snow. A major portion of accumula
tion is attributable to wind drifting of snow. 

"-
Fig. 12. Summit plateau glacier sits in gently sloping basin in lee 
of main summit ridge (left) . Dune shaped peaks form the summit 

ridge line. 
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The thickness of drifts in the lee of an obstacle, such as 
the lengthy Mt. Logan summit ridge, depends on the na
ture of the topography of the obstacle. Major accumula
tion occurs as snow drifts in the wind shadows of sum
mits, and in the lee of "drift corridors" (cols and passes). 
There, funneling wind causes increased deposition by 
forcing more grains through the gap. Winds are acceler
ated, allowing them to hold more snow in suspension, 
but rapid decrease in wind speed on the lee side forces 
the overburden to settle onto the surface (Bagnold, 
1954) . Drifts respond in size and location to variations 
in wind speed and direction. They extend farther in high 
winds, and shift position as wind direction varies. 

Snow accumulation on the plateau glacier in 1970 ex
hibited these effects. A series of poles installed in the 
glacier surface in 1969 showed that accumulation during 
the winter of 1969-1970 increased greatly as one moved 
downglacier for several hundred meters from the AINA 
camp. The poles set farthest downglacier had been com
pletely buried during the winter, though they were about 
3 m above the surface in 1969. Those poles closer to 
camp showed decreasing amounts of deposition. 

A downglacier accumulation stake line was established 
early in the summer of 1970 (Fig. 2). The measurements 
indicate different trends for the summer than had been 
observed for the winter. Accumulation increased slightly 
downglacier, but then decreased in the region showing 
the greatest increase during the winter. It is believed that 
the downglacier prome (Fig. 2) reveals the presence of 
drifts which probably change position and/or size in 
response to daily and seasonal changes in wind speed and 
direction. 
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A Note on Snow Accumulation and Climatic Trends 

In the Icefield Ranges, 1969-1970 

Melvin C. Marcus* 

ABSTRACT. Previous investigations in the Icefield Ranges indicate that: (1) a "climatic reversal" occurs 
above 2000 m, wherein high altitude precipitation trends do not follow those at lower altitudes: and (2) a 
precipitation shadow dominates snow accumulation on the lee slopes of Mt. Logan . This note briefly reviews 
these proposed altitude.precipitation relationships in light of snow accumulation and climatic trends for 
1969-1970. Comparisons are also drawn regarding snow density and temperature. The 1969-1970 data indicate 
that: (1) the hypothesis of climatic reversal is only partially verified, and (2) a major shift in upper-air 
pressure patterns and air flow is probably responsible for a disruption of the Mt . Logan precipitation shadow. 

Weather conditions and snow accumulation in moun
tainous regions are often extrapolated from precipitation 
measurements at low-elevation weather stations. The 
usual method depends on the assumption that seasonal 
and annual precipitation trends at high altitudes are 
similar to the trends near sea level. Also, climatologists 
assume that the amount of precipitation will increase 
with altitude. 

This method often holds for the lower 1000 to 2000 
m of windward slopes; however, such extrapolations 
have been shown to fail at higher elevations in the St. 
Elias Mountains. Marcus and Ragle (1970) have indi
cated that an inverse relationship has existed for a pe
riod of years between water-equivalent snow accumula
tion at surfaces above the 800-mb level and precipita
tion trends at lower elevations in the same region. In 
other words, a "climatic reversal" tends to occur above 
approximately 2000 m. Comparisons were drawn par
ticularly between (1) Divide site (2620 m) and the 
upper Hubbard Glacier sites (2285-2500 m), and (2) 
coastal Yakutat Station (14 m). Similar precipitation
altitude relationships have been noted in the Southern 
Alps, New Zealand U. Ryan, personal communication, 
1972). For very high elevations in the St. Elias Moun
tains (above 3000 m on Mt. Logan), it also has been 
demonstrated that single-year water accumulation and 
snow temperatures are not necessarily a function of 
altitude but are strongly influenced by local topography 
and aeolean processes (Alford and Keeler, 1969; Keeler, 
1969). 

It is the purpose of this note to briefly review pre
viously proposed altitude/precipitation relationships in 
the Icefield Ranges (Keeler, 1969; Marcus and Ragle, 

*Department of Geography, University of Michigan, Ann Arbor, 
at time of writing; present address, Department of Geography , 
Arizona State University, Tempe. 
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1970) in light of snow accumulation and climatic trends 
for 1969-1970. Comparisons are also drawn with earlier 
commentary regarding density, temperature, and al
titude on Mt. Logan (Alford, 1969; Alford and Keeler, 
1969). 

1970 Results 

Snow accumulation. Six snow pits were excavated in 
June, 1970 during the ascent to the Mt. Logan research 
station via King Trench. Pits also were dug at Divide 
Station on June 1-2 and July 2. Density values were de
termined for the 1969-1970 snowpack, using the stan
dard SIPRE snowkit. Snow temperatures were measured 
at the surface, at -50 mm, and at subsequent 100 mm 
intervals beneath the surface. With the exception of the 
July 2 pit at Divide Station, all density measurements 
were taken while snowpack temperatures remained be
low O°C (Table 1). This assured that water-content cal
culations would accurately reflect winter nourishment. 

Determination of the 1969-1970 accumulation pack 
was accomplished at Divide and the three King Trench 
pits (Table 2). Above those elevations, it was impossible 
to determine the lower (1968-1969 surface) boundary. 
This is primarily because the layer of low-density depth 
hoar-which is characteristically superimposed on the 
previous year's surface of temperature and subpolar 
snowpacks- cannot form on the high polar slopes. 

Divide Station data for July 2 indicates that 1969-
1970 water accumulation was 217 mm above the 12-
year mean of 1932 mm. The 2147 mm of water equiva
lent snow, while nut a dramatic departure from the 
mean, was the highest value recorded since the heavy 
accumulation years 1960-1961 through 19b2-1963 
(Table 2). An even more impressive increase is seen in 
the Table 2 comparison of 1969-1970 King Trench ac
cumulation to that measured in 1965 and 1968 (Alford 
and Keeler, 1969; Keeler, 1969). In three cases, for ex
ample, water accumulation more than doubled for 
1969-1970. 
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TABLE 1. 1970 Snow Pit Locations and Temperature Data, Icefield Ranges 

Elevation Date of Surface Temperature at Temperature at 
Pit Site (m) Lat. N. Long. W. Excavation 

Temperature depth of 50 mm depth of 2000 mm 
(oC) (oC) (oC) 

Divide 2620 60° 46' 139° 41' June 1-2 -0.2 -4.4 - 10.8 
Divide 2620 60°46' 139° 41' July 2 
Lower King 

Trench 3350 60° 35' 140° 43' June 4 
Middle King 

Trench 3750 60° 35' 140° 39' June 6 
Upper King 

Trench 3985 60° 34' 140° 37 ' June 7 
King Col 4450 60° 36' 140° 35' June 10 
North slope 

of trench 4900 60° 36' 140° 34' June 12 
Logan research 

station 5360 60°36' 140° 30' June 27 

Snow temperature and density. Alford and Keeler 
(1969) made a number of interesting observations re
garding the temperature of the 1965 Mt. Logan snow
pack: (1) snow temperatures at 2-m depth closely ap
proximated the dry adiabatic lapse rate of 1.0° C/l 00 m ; 
(2) an exception occurred in the alt itude zone between 
3000 and 3500 m, where an inverted lapse rate of ap
proximately 1.3°C/100 m was calculated; (3) assuming 

0.0 0.0 

- 1.0 - 3.6 -15.8 

-6.2 - 12.5 - 18.2 

-0.2 -5.4 - 20.0 
-8.7 - 10.1 -21 .4 

-4.7 - 13.0 -24.2 

- 19.8 - 20.0 -28.2 

that 2-m snow temperatures are related to near-surface 
air temperatures, the 1.0°C/l00 m lapse rate is a reflec
tion of strong and prevailing katabatic winds ; (4) the 
inverted lapse rate represents a semi-stable inversion 
pond which may prevent katabatic flow. The latter point 
is supported by the lack of wind packing and/or erosion 
in the 3000-3500 m zone. 

TABLE 2. Comparative Accumulation Data, Divide and Mt. Logan Stations 

Depth of pit or 
Pit Station and Year core hole 

(mm) 

Divide (2620 m)· 
1957-58 
1958-59 
1959-60 
1960-61 4300 
1961-62 4800 
1962-63 4900 
1963-64 3300 
1964-65 3200 
1965-66 2440 
1967-68t 3600 
1969-70 4225 

4560 

Lower King Trench 
(3350 m) 

1964-65 :1: 
1967-68 § 960 
1969-70 2180 

Middle King Trench 
(3750 m) 

1964-65:1: 
1967-68 § 1760 
1969-1970 2900 

Upper King Trench 
(3985.m) 

1964-65:1: 
1969-70 3040 

Mean density 
(mg/m 3 ) 

0.520 
0.542 
0.510 
0.460 
0.407 
0.509 
0.478 
0.425 
0.471 

0.293 
0.354 

0.320 
0.385 

0.396 

·Divide data for 1957-1966 from Marcus and Ragle (1970) 
tData from West and Krouse (1972) 
:l:Data from graphs in Alford and Keeler (1969) 
§ Data from Keeler (1969) 

Water equivalent 
(mm) 

1950 
1880 
1940 
2430 
2600 
2500 
1550 
1300 
1240 
1720 
1796 
2147 

585 
320 
772 

465 
550 

1117 

645 
1204 

Date of measurement Type of measurement 

July 31, 1961 Corehole 
July 31 , 1961 Corehole 
July 31,1961 Corehole 
July 30,1961 Pit 
July 23, 1964 Corehole 
July 23,1964 Pit/Core 
July 22,1964 Pit 
May 31,1965 Pit 
Aug 10,1966 Pit 
July 1968 Pit 
June 1-2, 1970 Pit 
July 2, 1970 Pit 

June 12, 1965 Pit 
June 1968 Pit 
June 4, 1970 Pit 

June 19, 1965 Pit 
June 1968 Pit 
June 6, 1970 Pit 

June 15, 1965 Pit 
June 7,1970 Pit 
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The gradients were considerably different for the 1969-
1970 snowpack: (1) 2-m temperatures were colder by 
2°C_3°C; (2) no inverted lapse rate (local inversion zone) 
was identified; (3) the lapse rate for 2-m snow depths ap
proximated either the standard lapse rate or an upslope 
wet adiatic lapse rate; 0.61 °C/100 m and 0.66°C/100 m 
were recorded between 3350 m and 5360 m, and 3350 
m and 3985 m, respectively; (4) wind packing was not 
especially evident below 4800 m. While the 1965 and 
the 1970 data appear incompatible at first glance, they 
are explained elsewhere in this paper. 

Alford and Keeler also identified a gradual increase of 
mean snow densities at elevations between 2900 and 
3650 m; densities then decreased at higher elevations 
(pits at 3950 m to 4500 m). Comparablcnalues were 
obtained in 1970, but the altitude-density curve shifted 
about 400 m in an upslope direction (Fig. 1). Above 
4500 m, 1970 densities increased again-a probable re
sult of wind packing on the exposed north slope of the 
trench. 

Climate during the 1969-1970 budget year. The 
1969-1970 winter season was exceptionally dry and 
warm, particularly on the continental flanks of the St. 
Elias and other coastal mountains. At Whitehorse, for 
example, October, December, February, and March 
were among the warmest on record, and record- or 
near-record low precipitation was recorded in October, 
December, February, and March (Whitehorse Weather 
Office, 1970, pp. 7-8; 1971, pp. 5-6). At the Arctic 
Test Center in Fort Greeley, Alaska many tests had to 
be cancelled because usual "cold pole" winter tempera
tures were not experienced (R. Rhodes, personal com
munication, 1970). The winter season along the Gulf of 
Alaska was also warmer than usual; however, precipita
tion approached the norm. 
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Table 3 illustrates these relationships by comparison 
of 1969-1970 budget-year precipitation to the long
term means and extremes at Yakutat and Whitehorse. 
Data are presented for the approximate glacier budget 
year (September-August) and the approximate winter 
nourishment season at Divide Station or lower (Sep
tember-May). 

Climatic Implications 

The 1969-1970 snowpit data tests the two hypotheses 
derived from previous empirical work. The hypotheses 
are: (1) that a climatic reversal occurs at higher altitudes 
insofar as storm systems and related precipitation (ac
cumulation) are concerned, and (2) that topography and 
related katabatic flow override the thermal effects of 
prevailing regional weather on lee slopes of Mt. Logan
and by extrapolation on leeward slopes of other major 
peaks in the Icefield Ranges. 

Divide Station. During the 1960's, Divide Station 
tended to experience either high or low water accumula
tion (Table 2). In those years, "Yakutat precipitation ... 
only partially follows accumulation trends on the upper 
slopes [and 1 increased sea level precipitation is often 
accompanied by decreased glacier nourishment and 
vice versa ... " (Marcus and Ragle, 1970, p. 288). In 
contrast, 1969-1970 is one of the few years in which 
Divide and Yakutat trends converge; both are slightly 
higher than their means (1932 mm and 3298 mm res
pectively). The last time this happened was in the late 
1950's when precipitation at the two stations also ap
proached mean values (Table 2). Thus, the data do not 
provide a conclusive test of the climatic hypothesis, 
except insofar as they follow earlier patterns; that is, 
the variance from the means is insufficient. 

4000 4500 5000 

ELEVATION (M) 

Fig. 1. Mean snow density vs. elevation on Mt. Logan, Yukon. The June 1965 data are after Alford (1969). 
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TABLE 3. Comparative Accumulation Data for Whitehorse, Yukon and Yakutat, Alaska* 

Mean Annual: 1969-1970: 
September September 

Station to August to August 
Budget Yearst Budget Year 

(mm) (mm) 

Whitehorse 260 160 

Yakutat 3298 3472 

Extreme Low: 
September 
to August 

Budget Year:j: 
(mm) 

160 (1969-70) 
165 (1957-58) 
170 (1964-Q5) 

2079 (1950-51) 
2235 (1953-54) 
2551 (1968-69) 

Extreme High: 
September 
to August 

Budget Year:j: 
(mm) 

345 (1952-53) 
311 (1961-Q2) 
308 (1968-Q9) 

4868 (1963-Q4) 
4411 (1964-Q5) 
4296 (1960-Q1) 

Mean 
September·May 
Budget Yeart 

(mm) 

162 

2681 

1969-70 
September·May 

Budget Year 
(mm) 

122 

2816 

·Data from Whitehorse Weather Office (1970-1971) and U.S. Weather Bureau (1943-1970) 
tBased on the period 1944-1970 for Yakutat and 1942-1970 for Whitehorse 
:j:Years in parentheses • 

Mt. Logan. On first reading, Mt. Logan data further 
obscure the issue; however, interpretation of baric pat
terns provides a probable explanation. In the high, 
glacierized zones of the St. Elias Mountains, the pres
ence or absence of precipitation is often associated with 
upper-air weather systems at the 850 mb and 700 mb 
levels (Taylor-Barge, 1969). The impact of sea-level and 
orographic gradients seems to disappear at those altitudes 
(Marcus and Ragle, 1970). Thus, the Mt. Logan accumu
lation pattern must be interpreted in light of prevailing 
pressure patterns. 

King Trench accumulation in 1964-1965 was low 
(Table 2). In that budget year near-record wet and dry 
weather were experienced in Yakutat and Whitehorse 
respectively (Table 3). This weather was associated with 
a prevailing southwesterly flow across the mountains at 
850, 700, and 500 mbs (U.S. Weather Bureau, Septem
ber-December, 1964-1965) and supports Alford and 
Keeler's contention that a lee slope katabatic wind con
trolled the temperature gradients and reduced the pre
cipitation in the NE-SW trending trench. 

In 1967-1968, however, low water accumulation in 
King Trench was associated with near-average precipita
tion on lower coastal and continental slopes. A south
easterly regional flow, typical of the long-term norm, 
prevailed at all levels during the winter (U.S. Weather 
Bureau, 1967-1968). Southeasterly winds not only 
bring heavy precipitation to the Pacific littoral, but also 
have been observed to carry moisture inland through 
low points in the Coastal Ranges (for example, White 
Pass, Alsek River, Chilkoot Pass, etc.). Thus, while 
marine and lee slopes receive ample precipitation in 
lower zones, the upper glacierized zones remain subject 
to transmountain flow. Drying, katabatic winds would 
still prevail on the lee slopes of Mt. Logan and other 
mountains in the interior of the Icefield Ranges. 

Finally, in 1969-1970, King Trench precipitation rose 
dramatically while Yakutat had an average winter and 
the continental interior experienced one of the warmest 
and driest winters on record (U.S. Weather Bureau, 1943-
1970). As stated earlier the dry adiabatic lapse rate col-

lapsed and no local inversions were identified on the Mt. 
Logan transect; instead, snow temperatures approximated 
an upslope wet adiabatic lapse rate. 

Two unusual characteristics of the 1969-1970 pressure 
patterns (U.S. Weather Bureau, 1969-1970) were: (1) 
the core of the Aleutian low-pressure cell was strongly 
displaced to the west, and (2) a ridge formed and per
sisted along the north Pacific coast (including the Gulf 
of Alaska). Insofar as Mt. Logan was affected, the most 
significant attribute of the ridge was that it frequently 
produced a northwesterly flow on its eastern slopes. 
Thus, air flowing parallel to the main axes of the Chitina 
River and Logan and Walsh Glaciers (see Plate 1)1 would 
be orographically lifted along King Trench and the 
northern ramparts of Mt. Logan, given sufficient fre
quency and magnitude of such events. Subsequent cool
ing and condensation would account for the high accumu
lation and reduced lapse rate during 1969-1970. Mean
while, in the Sub arctic interior an exceptionally dry bud
get year was produced by the combination of compres
sion heating along lee slopes and down the pressure 
gradient. 

Summary 

Climatic and snow accumulation data for 1969-1970 
indicate that (1) the hypothesis of climatic reversal is 
verified only insofar as previous "average year" trends 
were reiterated, and (2) a major shift in upper-air pres
sure patterns and air flow is probably responsible for 
the disruption of the precipitation shadow normally 
found on the lee slopes of Mt. Logan. Although the fre
quency of prevailing northwesterly flow is low, the 
magnitude of the event undoubtedly plays a significant 
role in the nourishment and maintainence of north
facing accumulation zones in the St. Elias Mountains. 

It is frequently stated that there is no such thing as a 
climatologically "normal year". Nowhere is this more 
apparent than in the Icefield Ranges, where each year of 

1 Plate 1 is a map inside the back cover of this volume. 
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the climatic record reported by IRRP observers has been 
distinctive. On the other hand, it has become clear that 
the key to explaining these annual snow accumulation 
and climatic variations lies in a better understanding of 
pressure patterns and storm tracks. This has been demon
strated by Taylor-Barge (1969) and Kolberg (pp. 00-00 
of this volume) and is further exemplified by the events 
of 1969-1970. Because of the sparse distribution of first
order weather stations in this region, however, the pos
sibility of precise interpretations of baric and wind pat
terns remains problematical. 
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Sampling of Glacial Snow for Pesticide Analysis: 

The High Plateau G lacier of M t. Logan 

Thomas R . Stengle*, lames l . Lichtenbergf, and Charles S. Houston+ 

Recent interest in the impact of man on his environ
ment has led to a number of attempts to determine the 
presence of pollutants in remote areas of the world. The 
snow of glaciers is a particularly intriguing subject for 
such work, since it contains a record of past years as 
well as the present. It has been shown that there is a 
clear correlation between the lead concentration in old 
snow strata and the level of industrial activity 
(Murozumi, et al., 1969). We have undertaken the study 
of another common pollutant, the insecticide DDT. Here 
we report on our attempt to develop techniques for 
taking snow samples without contamination in locations 
where the work had to be done under adverse conditions 
and with simple equipment. 

The site chosen for this work was the high plateau 
glacier (elevation, 17,600 ft) on Mt. Logan. This spot is 
very remote; the nearest permanent habitation or road 
is nearly ninety miles away. Due to the short growing 
season almost no agriculture is practiced in the Yukon, 
and massive applications of pesticides are unknown 
there. For several years the Arctic Institute of North 
~erica has operated a research facility at this site 
during the summer season. Supplies are gathered at a 
base along the Alaska highway and flown in by ski-wheel 
aircraft. The small scale of this program required that 
our work be done with simple equipment, since heavy 
loads could not be flown to the mountain. 

Conditions at the sampling site were hostile. Most of 
the work was done at temperatures between 0

0 
and 

-100 F, and often in the wind. The altitude presented a 
serious problem: at 17,600 ft the effects of hypoxia are 
quite marked, and the snow coring team became quickly 
exhausted by the heavy work. Psychological effects are 
equally important; one's work is constantly hampered 
by a feeling oflassitude and an impairment of judgment. 

A new SIPRE snow auger with 30 m of extension rods 
was used for obtaining the samples. By starting with a 
brand new auger it seemed that any contamination from 
that source could be ruled out. When it was unpacked in 
the field, however, quantities of an oily material were 
found on both the auger and extension rods. It was not 
practical w achieve a thorough cleaning under field 

*Department of Chemistry, University of Massachusetts, 
Amherst 
t Analytical Quality Control Laboratory, Water Quality Office, 
Environmental Protection Agency, Cincinnati, Ohio 
:j:Department of Community Medicine, College of Medicine, The 
University of Vermont, Burlington 
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conditions, but most of the material was removed by 
swabbing with paper towels soaked in Coleman Fluid
a highly refmed non-leaded gasoline designed for camp 
stoves. 

Procurement of the right sample containers was an 
important aspect of the preparations. Two-gallon wide
mouth Nalgene jugs were chosen for use on the glacier. 
The mouth was large enough so that the 3-inch snow 
core could be slid into the jug directly from the auger 
without intermediate handling. So long as the core 
remained frozen, it was safe to store it in plastic, but a 
test had shown that, given time, liquid water would 
leach material from the jugs. Therefore the frozen 
cores were flown to base camp where they were allowed 
to melt at room temperature; the meltwater was then 
transferred to glass bottles as soon as possible. These 
bottles have been used as water sample containers by 
the Water Quality Office Analytical Control Laboratory 
for some time, and are satisfactory for shipping samples. 
A special effort was made in the precleaning of both 
jugs and bottles because of the low levels of pesticide 
expected. The cleaning process involved washing with 
soap and water, rinsing with tap water followed by 
distilled water, and finally with "distilled in glass" 
quality acetone. 

Precautions were taken to avoid contamination durmg 
sample collection. The sampling site was located 1000 
ft upwind of the main camp to remove it from aircraft 
and generator exhaust. All trash at the camp was buried 
rather than burned. The first few samples were discarded 
in the hope of removing any residual contamination 
from the auger. During the sampling process the auger 
was never touched by bare hands or gloves. One member 
of the drilling team wore polyethylene bags over his 
gloves, and only he handled the auger. In most cases it 
was possible to slide the snow core directly from the 
auger into the Nalgene jug. The only surfaces which 
came into contact with the sample before their arrival at 
the laboratory were the auger and the precleaned jugs 
and bottles. At the end of the sampling one core was 
deliberately mishandled as a control. The drilling team 
rubbed it against their gloved hands and their pants. 
This sample subsequently showed no contamination 
from either DDT or PCB's (polychlorinated biphenyls). 

A total of 19 samples were taken ranging in depth 
from 1 to 15 m below the surface. The DDT analysis 
was carried out at the Water Quality Office Analytical 
Control Laboratory in Cincinnati, Ohio using a gas 
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chromatographic technique (U.S. Dept. Interior, 1969). 
DDT was not detected in any of the samples. The lower 
limit of detectability for DDT was 5 nanograms per liter 
for seven of the samples. Due to interference, apparently 
from PCB's, 10 to 50 ng/l of DDT could have been pre
sent in the remaining twelve samples and not been 
detected. Efforts to remove the PCB's from the extract 
to allow for more sensitive determination of DDT were 
only partially successful. Thus the results are in part 
inconclusive. It is significant that the seven samples 
showing no PCB contamination were the last ones taken. 
It appears that the auger had become sufficiently cleaned 
in the first part of the drilling. Thus it is highly likely 
that the DDT concentration in all of the samples was less 
than 5 ng/I. 

In an attempt to fix the source of the PCB contamina
tion, the auger was sent to the laboratory where it was 
sampled by rinsing with hexane. The rinsings gave a 
chromatogram which was rich in peaks, as well as a high 
general background response. A similar high background 
was observed in the contaminated snow samples. This 
fraction also contained a quantity of halogenated mate
rial which gave a chromatogram resembling, but not 
exactly reproducing, that of the snow samples. Even 
though an exact match cannot be made, it is reasonable 
to conclude that the auger was responsible for the 
contamination of the snow samples. The material is a 
complex mixture, and it is possible that some compo
nents were preferentially lost from the auger as the 
drilling proceeded. 

One sample was obtained for trace-metal analysis. It 
'WaS stored in a Nalgene jug and acidified with redistilled 
nitric acid as soon as it melted. It remained in the plastic 
container until use. Analysis for 19 elements was per
formed on a direct reading emission spectrometer. Four 
elements were detected: boron at 4 ng/rnl, cadmium at 
9 ng/rnl, chromium at2 ng/rnl, and iron at 47 ng/rnl. The 
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high level of cadmium and iron suggest contamination 
from the alloy steels of the auger. This is not surprising; 
other workers have noted that it is extremely difficult to 
avoid metal-ion contamination when steel sampling tools 
are used (Murozumi, et al., 1969). 

On the basis of these results it seems that sampling of 
glacial snow for trace organic pollutants is quite feasible, 
even when samples must be taken under unfavorable 
conditions with primitive techniques. It is of paramount 
importance to preclean every surface that will come into 
contact with the sample. Thus the sampling tools must 
be cleaned with as much care as the sample containers. 
They should be packaged, preferably in Te£lon, until 
they are needed at the sampling site. 
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A Petrographic Study of Mt. Logan, Yukon 

Michael L. Page* 

ABSTRACT. The Mt. Logan massif is a large magmatic and metamorphic block of probable Cretaceous 
age, bounded and dissected by large tertiary faults. The magmatic rocks of the eastern half consist of albite
bearing diorite and quartz diorites, some of which are highly sheared and altered. The western half appears to 
be made up of normal andesine-bearing quartz diorites. Throughout the massif, basis metamorphic rocks 
(amphibolites, amphibole schists, and calc-silicate rocks) form roof pendants. It is thought that the albite
bearing and andesine-bearing diorites were formed by either two separate intrusions or by a parent diorite 
magma which yielded a more soda-rich differentiate and crystallized the albite-bearing variety. After con
solidation of the mass, large-scale hydrothermal alteration accompanied the widespreaa shearing. 

Introduction 

The principal purpose of this study is the determination 
of the mineralogy and petrography of the rocks of Mt. 
Logan. Thin sections were prepared from rocks collected 
by J oseph C. LaBelle and his assistants during the sum
mers of 1968 and 1969. Sampling was primarily restrict
ed to the major peaks of the massif and the area was 
widely covered except for the western portion. 

Petrographic analysis of thin sections was the primary 
method of study. The analyses yield mineral types, modes, 
rock textures and grain relationships. Oil immersion of 
crushed powders was the second method of investigation. 
Plagioclase compositions were determined from the alpha 
index of refraction. The gamma index was used for esti
mation of the amphibole compositions. All amphibole 
compositions were determined from Troger (1959), 
whereas the plagioclase compositions were determined 
from Chayes (1952). 

Although petrogenetic interpretations have been made 
on the basis of the above data, the final verification of 
these conclusions will come from future field work. 

No structural interpretations have been made because 
of a lack of field data. 

Regional Geology 

The mountain ranges of western Canada evolved from 
tectonic events beginning in late Precambrian and pro
ceeding through Recent times. Six major orogenic events 
were recorded in British Columbia (White, 1959). These 
are East Kootenay (pre-Early Cambrian), Cariboo (post
Ordovician to pre-Mississippian), Cassiar (post-late Perm
ian to pre-Late Triassic), Coast Range (pre-Middle J urassic 
to post-Early Cretaceous), Rocky Mountain (through the 
Paleocene), and the Puget Orogeny that extends to Re
cent time. 

*Department of Geology, University of Massachusetts, at time of 
writing. 
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In Mesozoic time, major batholiths intruded metamor
phosed eugeosynclinal sediments and volcanics of the 
northwestern portion of the North American Cordillera. 
The Coast Range orogeny was the most extensive in this 
area resulting in the creation of a batholith in western 
Canada which stretches nearly continuously for 1100 
miles, from the 49th to the 60th parallels. Internally the 
batholith is heterogeneous and of differing ages (King, 
1969). 

The Mesozoic and Cenozoic granitic rocks of the North 
American Cordillera can be divided into two zones. The 
western zone consists mostly of quartz diorite, while the 
eastern zone is dominated by quartz monzonite and grano
diorite. The division between the two areas is called the 
"quartz diorite boundary line" (Moore, 1959). 

Metamorphic complexes, as described by King (1969), 
are preserved in the form of roof pendants above the plu
tons (White, 1959). Recrystallization and plastic flow 
have destroyed evidence of the original nature and rela
tions of many of these pendants. 

The intrusions are individually discordant but collect
ively they parallel the regional trends. This trend seems 
to indicate that they were the result of regional deforma
tion rather than the cause of it (White, 1959). In the 
southwestern Yukon, fold trends are westerly and so are 
the intrusions. 

White (1959) gives a summary of the major tectonic 
events of British Columbia. Considering its close geo
graphic proximity to British Columbia, the southern 
Yukon could be considered in this general geologic 
framework. Initially, uplift, foiding, and strong meta
morphism of the sediments occurred. At this stage intru
sions of granitic material took place, and in some cases 
metamorphism and granitization probably occurred. How
ever, the environment of emplacement was primarily one 
of mobility and intrusion. 

Another period of faulting and folding occurred, and 
after this there was a resurgence of intrusive activity 
which spread eastward. This was regionally controlled by 
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structural salients. It is thought that emplacement of plu
tons in the southern Yukon took place well after this in
trusive period (Early Cretaceous) and continued into the 
Late Cretaceous. 

Matzko, J affe, and Waring (1958) and Larsen, Gottfried, 
J affe, and Waring (1958) described igneous rocks of the 
southern Alaskan extension of the Coast Range batholith 
ranging in age from 103 to 93 m.y., placing them in the 
Upper Cretaceous. 

The events of the Coast Range orogeny seem to have 
merged continuously with those of the Rocky Mountain 
orogeny of the Paleocene. At this time, a fracture system 
developed including the Farwell-Shakwak fault zone, the 
Chugach-St. Elias and Fairweather faults, and the Mt. 
Logan fault zone (Eardley, 1962). Eardley describes these 
as Cenozoic fracture systems with the Farwell-Shakwak 
fault as a right-lateral strike-slip movement, the Chugach
St. Elias fault as a thrust and the Mt. Logan fault zone as 
a high angle normal fault. There is great difficulty in 
placing a time range on each fault system, because after 
formation these faults remain planes of weakness. Since 
the area is still under the influence of the Puget Orogeny, 
as shown by the 1958 displacement of Fairweather fault, 
later tectonism may produce movement (Eardley, 1962) 

Metamorphic Rocks 

There are generally two kinds of metamorphic rocks on 
Mt. Logan. One group is regionally metamorphosed and 
consists of amphibolites, schists, and calc-silicates; the 
other group is dynamically metamorphosed and altered, 

"made up mainly of mylonites. All metamorphic rocks 
have been retrograded to the chlorite zone. 

The amphibolites (samples L30, L24, L40, and L41, 
Table 1) are frne- to medium-grained rocks which show 
slight to moderate foliation. They contain approximately 
50% hornblende, 50% intermediate plagioclase, and traces 
of epidote and chlorite which are probably due to hydro
thermal alteration. 
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Gamma indices of refraction of the hornblendes average 
.N'}' = 1.681, indicating a composition of 100 mole % MgI 
(Mg + Fe + Mn) = 55. Hornblendes have a narrow compo
sition range with 100 Mg/(Mg + Fe + Mn) ratios to 55 
mole % magnesium. Pleochroism is strong with Z = blue 
green> Y = green> X = bright green. Extinction angles 
range from Z A C = 18° to 20°, while the optic angle is 
approximately 70° and negative. 

Minimum indices of refraction, a, of the plagioclases 
average 1.547, indicating compositions of 36 mole % An 
(andesine), and compositions never vary by more than 
±1 mole % An. 

Traces of epidote and chlorite have been observed in 
these samples, and the plagioclases are slightly altered. 
The epidote and altered plagioclases were probably the 
result of hydrothermal alteration and the chlorite pre
sumably replaces biotite as a retrograde mineral. 

Sample L28A is a frne-grained schist containing two 
separate mineral assemblages in two different layers 
(Table 2 and Fig. 1). One assemblage contains cumming
tonite, hornblende, manganese-rich epidote, chlorite, 
plagioclase, and secondary ' calcite. The cummingtonite is 
colorless in most sections but is very light green in end 
section. It has a high relief, well-developed cleavage and 
the optic angle (2V) is 80° to 85° and positive. 

Coexisting with the cummingtonite is a green hornblende 
which is optically negative. Exsolution lamellae of each 
are contained in both host mineral phases; however, lamel
lae of cummingtonite in a hornblende host are rare. There 
are instances where an end section of a grain s~ows one 
half hornblende and one half cummingtonite (Fig. 2). 
These sections yield slightly off-centered interference 
ftgures, with cummingtonite showing an acute bisectrix 
ftgure of a positive optic sign, and for hornblende a posi
tive obtuse bisectrix ftgure is observed. In this view, lamel
lae of hornblende and cummingtonite approximately 
parallel to the c-crystallographic axis are seen. In many 
instances cummingtonite, when viewed in end section 

TABLE 1. Mt. Logan Rock Sample Outcrop Sites 

Map Site No. 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Rock Sample No. 

L34,L40 
L7, LS, L9, L10 
L21 
L29, L37 
L3, L4,L5,L24 
L14, L41 
L30,L36,L38 
L2,L12,L17,L27,L28 
L19 
L1, L13 
L6, L1S, L31 
L39 
L15, L 16, L23, L25 
L32 
L26 
L20 
L11 

Site Description 

Col below Queen Peak on east side 
Northwest Peak, near summit 
Side of Northwest Peak, ca. 16,500 feet 
AINA Peak, summit 
Knob west of North Peak 
South face rock rib on North Peak 
Northeast Peak, near summit 
The pass between Prospectors Peak and AINA Peak 
West side of Research Knob 
Research Knob, summit 
Research Col 
Knob on West Peak, ca. 19,300 feet 
Col between Main and West Peaks, ca. 1S,9OO feet 
Main Peak 
Side of East Peak, ca. 19,200 feet 
Sample of rock from avalanche on West Buttress 
West ridge of North Peak 
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TABLE 2. Metamorphic Rocks 

Sample I Description 

L3D Two mineral assemblages present 

(1) amphibolite: hornblende, plagioclase of intermediate composition, and small 
amount « 1%) of epidote 

(2) ferrosalite epidote granulite: ferrosalite (100 Mole % CaFe+2 = 54), and epidote 
with small amount of sphene 

L24 Amphibolite: hornblende [100 Mole % Mg/(Mg + Fe + Mn) = 521; andesine plagio-
clase (Mole % An = 36); and small amount of chlorite 

L21C Hornblende chlorite schist: hornblende, chlorite rich in Mg", chlorite rich in Fe+2 

and small amounts of plagioclase, °epidote, and apatite 

L28A Fine-grained schist (two assemblages present) 

(1) cummingtonite, hornblende, epidote rich in Mrf2 , chlorite, plagioclase, and 
some coarse-grained calcite, probably alteration material 

(2) cummingtonite, hornblende (less than in the first assemblage), plagioclase, 
quartz, and isotropic cryptocrystalline alteration material with high index of re
fraction 

L40 Two assemblages present 

(1) amphibolite: hornblende [100 Mole % Mg/(Mg + Fe+ Mn) =551. plagioclase, 
and some chlorite 

(2) folded calc-silicate layers 
(a) epidote (a = 1.726) and garnet (grossular-andradite, n = 1.788) 
(b) Garnet layer (grossular-andradite) 

L41 Amphibolite: hornblende [100 Mole % Mg/(Mg + Fe + Mn) = 551, plagioclase (Mole 
% An = 37), and chlorite 

(down the c-axis) is light green, when normally it should 
be colorless. This is caused by green hornblende lamellae 
(space Group hIm orientation) stacked approximately 
parallel to the c-axis (Fig. 3). Similar ex solution lamellae 
have been described by Jaffe, Robinson, and Klein (1968) 
and by Robinson, et al. (1971). There is much more cum
mingtonite than hornblende in this assemblage. 

dote and chlorite could have come from the retrograded 
garnet. There must have been a small component of spes
sartine in the almandine, because the epidote is slightly 
pink, indicating the presence of manganese. 

The other assemblage present in sample L28A is cum
mingtonite, a small amount of hornblende, plagioclase, 
quartz, and a cryptocrystalline alteration material whiCh 
is of high index of refraction and isotropic. Hornblende 
lamellae occur in the cummingtonite, but there is an 
absence of cummingtonite in the hornblende due to the 
small amount of hornblende present. 

Other minerals appearing in this assemblage are epidote 
and chlorite, which show an interesting paragenesis. These 
are always in contact and have the shape of what looks 

P-ke earlier garnet crystals, probably almandine. The epi-

c 

A I sample L28A 

diopside 

2 sample L28A 

3 samples L3D. L24. 
L40. L41 

sample (3D 

sample L40 

F 

cummlnQtonlt1 

Fig_ 1. Metamorphic mineral assemblages (APC diagram for rocks 
with excess Sj0 2'" 0 

Calc-silicate rocks constitute the only other major group 
of regionally metamorphosed rocks. Sample L3D consists 
of 50% ferrosalite, 100 Mole % Ca Fe+2 = 54 (plotted as 
diopside in Fig. 1) and 50% epidote (see Fig. 1). Sample 
L40 are folded calc-silicate beds composed of pure gar
net (n = 1. 788, intermediate between grossular and an
dradite) and garnet and epidote (a = 1.726) (Fig. 1). The 
high amount of calcium and aluminum implies some kind 
of calcareous shale or marl that was folded and metamor
phosed. In the representative samples the calc-silicate 
layers are always in contact with amJ>hibolite-

Sample L21C, located at Northwest Peak, is a highly 
foliated hornblende-chlorite schist. The gamma index of 
the hornblende is 1.681 and contains about 55 mole % 
magnesium. A green chlorite is present in small quantity. 
It exhibits abnormal interference colors and negative 
elongation indicating that it is magnesium rich. 

About 50% of this rock is composed of a clove-brown, 
platy mineral of unknown composition. It shows positive 
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cummingtonite 
lamellae 
near(lOO) 

IIL_----hornblende 
lamellae 
near{iOO) 

----cummingtonite 

prismatic cleavage 

Fig. 2. Hornblende and cummingtonite viewed in end section. 

elongation, blue to gray interference colors and a gamma 
index of 1.640. This mineral has a platy, elongated form 
and does not have the typically massive chlorite shape. 
Except for grain morphology, these diagnostic properties 
indicate that the mineral might be an iron-rich chlorite. 
Fibrous anthophyllite is another possibility, though its 
occurrence has not been widely reported. 

The mineral phases present indicate the greenschist fac
ies of retrograde metamorphism because the magnesium 
rich chlorite is probably secondary as is the iron rich 
chlorite. Unfortunately, there is no concrete evidence 
to establish if there are original or prograde mineral 
phases. 

• Mylonites and quartz veins compose the second major 
group of metamorphic rocks, these being dynamically 
metamorphosed (Harker, 1950). In general these rocks 
show common features of sheared rocks, including quartz 
with undulatory sweeping extinction, bent crystals and 
twins, and glide planes parallel to the crystallographic 
direction in calcite. Along with these features a ground 
rn.~~ of crush material is present. 

Sample L2D is a quartz vein composed mostly of quart 
and fine grained calcite. Quartz and epidote occur in . 
shear zones throughout the rock. This rock is situated in 
a col between Prospector's Peak and Aina Peak and is a 
discordant cross-cutting body Uoseph LaBelle, personal 
cOlD:munication, 1970). 

Sample L6 is a highly foliated mylonite which contains 
a large quantity of crushed quartz grains with sweeping 
extinction plagioclase, calcite with glide planes, chlorite, 
and muscovite which is bent and folded. The presence of 
epidote is also a good indicator of hydrothermal altera
tion occurring with shearing. This rock is located in 
Research Col. 

Sample L11D is a crushed amphibolite composed of 
hornblende, intermediate plagioclase, chlorite, with 
caicite and quartz in ~hear veinlets. The plagioclase-~ns 
and hornblende crystals are bent and fractured and the 

. calcite shows glide planes. 

Sample L19 is a mylonitized and chloritized albite 
quartz diorite with 20% chlorite. This rock has been 
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crushed and contains a fine grained matrix surrouriding 
angular fragments of quartz showing undulant extinction, 
and bent plagioclase. Calcite, epidote, and idocrase are 
in pockets and in shear veins throuo-h th .. rock. 

Samples L2D and L6 are both located in cols and ap
parently delineate fault zones or shear zones. This is 
purely speculative because the author has not seen field 
relationships. 

The four areas of intense shearing defme a north-south 
trending area which probably is a fault zone (Fig. 4) . Hy
drothermal activity was great as shown by the quartz, 
calcite, and epidote shear veinlets and also by the alter
ation of biotite to chlorite. 

The majority of metamorphic rocks on Mt. Logan 
belong to the amphibolite facies of regional metamor
phism\(after Eskola cited in Mason, ~ 966) and have been 
retrograded to the chlorite zone. Since no actual field 
analysis has been initiated on Mt. Logan, the structural 
relationship of these rocks is unknown; however, they 
are probably roof pendants. Muller (1967) describes 
metamorphic rocks of the greenschist facies and the 
amphibolite facies. Rocks of the green schist facies are 
apparently regionally metamorphosed, while the amphi
bolites are related to intrusions (metasomatic) and are 
local rather than regional. The situation is just the op
posite on Mt. Logan. The amphibolites appear to be 
regionally metamorphosed and the lower grade rocks 
are probably the result of retrograde metamorphism . 
Final verification will come from additional field work. 

Igneous Rocks 

The igneous rocks of the Mt. Logan massif can be 
divided into two groups. Albite quartz diorite and diorite 
are found in the eastern two-thirds of the area, while 
biotite quartz diorite is found in the western zone (Fig. 
4). 

" The" albite quartz diorites are leucocratic, medium- to 
coarse-grained phanerites with hypidiomorphic granular 
texture. These rocks are composed mainly of albite (mole 

Y=b 
o 

prisma tic cleavage 

hornblende 
lamellae 
near(lOO) 

/"I'-t----r--horn bl ende 
lamellae 
near(OOI) 

space group 1
2/m 

Fig. 3. Cummingtonite crystal. 
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% AnS-9 ) and quartz along with secondary chlorite, epi~ light. Ilmenite is present in many samples and sphene is 
dote, calcite, and sphene (see Table 3). The plagioclase is its alteration product. The association of idocrase with 
albite, except for one occurrence of oligoclase in the out- calcite and epidote in veins, and the conversion of ilmen-
er rim of the only zoned feldspar reported (sample L32B). ite to sphene reflect the high calcium content of these 

hydrothermal fluids introduced during shearing. Another 
secondary mineral is chlorite, which probably replaces 
biotite . 

According to Larsen, et al. (1958), White (1959), and 
Eardley (1962), batholithic intrusion in southeastern 
Alaska and the Yukon took pla(;e in the middle to Late 
Cretaceous. This would be the probable age of the 
Mt. Logan intrusives. 

Tremendous shearing and alteration of these aibite 
quartz diorites took place sometime after their emplace
ment. The presence of epidote. calcite, and idocrase in 
shear zones and veinlets, along with bent albite twins 
and strained quartz, indicates the great shearing environ
ment. 

The plagioclase is altered and covered by a fine grained 
sericite. This sericite is probably paragonite, due to the 
composition of the feldspar. 

The occurrence of idocrase as an alteration mineral is 
unusual. As a secondary mineral, occurring in veins and 
pockets, it is common in mafic and ultramafic igneous 
rocks (Deer, Howie, and Zussman, 1966). However, on 
Mt. Logan it is associated with felsic plutonic rocks. It 
has very high relief, is isotropic, shows weak abnormal 
interference colors, and is colorless in plane polarized 

Samples L15B, L16B, and L32B are u.naltered albite to 
oligoclase (AnlS) quartz diorites, which contain an ap
preciable amount of muscovite. Muscovite in any other 
sample is due to secondary alteration. In order for this 
sheet silicate to crystallize in an igneous rock, the water 
pressure must he greater than about 2000 bars. 

Muscovite is also restricted to peraluminous granites 
high in potash and soda, and low in calcium (Turner and 
Verhoogen, 1960). Since there is no potassium feldspar 
in the Mt. Logan instrusives, the water pressure must 
have been extremely high (and the activity of H+ high) 
in order for the potassium and alurninum to form mus
covite rather than potassium feldspar. 

Also present in the eastern two-thirds of the massif are 
albite diorites, located at sample areas 3 and 5 (Fig. 4). 
Samples L4 and L21A contain large amounts of horn
blende, while sample L5 does not. They are all highly 
sheared and altered. 
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Unfortunately, there are only two samples from the 
wt:stern end of the massif and both are from the same 
sample location (Fig. 4, location 16). Both specimens 
are biotite quartz diorites. They are strikingly different 
from the other igneous rocks because they contain a high 
percentage of primary biotite, andesine, a small amount 
of chlorite, no epidote, and little shearing. Apparently 
this part of Mt. Logan was not involved in a period of 
intense shearing and hydrothermal alteration. 

As can be seen from the igneous rock modes (Table 3), 
one type of quartz diorite has albite as a plagioclase and 
is leucocratic, while the biotite quartz diorite has an in
termediate plagioclase, andesine. Quartz diorites usually 
have significant amounts of mafic minerals and contain 
an intermediate composition plagioclase Oohannsen, 
1939). There is a petrogenetic problem in deciding the 
origin of the abundant albite quartz diorites. 

There are three hypotheses available for the solution 
of the problem stated above. The first, and the most 
easily explained possibility, is that there has been an 
albitization of the igneous rocks caused by hydrothermal 
alteration during shearing. The second possible explana
tion is that the original magma was soda-rich and that 
the present albite is primary. The fmal alterna tive is that 
there has been squeezing of interstitial fluid from a par
ent magma of intermediate plagioclase composition, 
making the albite primary. 

The first hypothesis could easily be supported by the 
presence of epidote and the other calcium rich secondaf) 
minerals. Albitization would have occurred during hy
drothermal activity when the anorthite component of 
the original intermediate plagioclase was reacted with 
calcium-rich percolating fluids to produce albite and 
epidote. A very strong argument for this hypothesis is 
the presence of "normal" quartz diorites in the unsheared 
and unaltered portion of the massif. It follows that the 
shearing and alteration caused albitization of the plagio
clase and formed albite quartz diorites. 
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The most logical epidote-bearing alteration pro'duct 
from this hydrothermal alteration would be saussurite. 
However, none has been observed in these rocks. Only 
coarse-grained epidote occurring in shear veins and iso
lated pockets is seen. The alteration product, as men
tioned before, is fme-grained sericite. 

If the original magma was soda-rich and the albite is 
primary, then these calcic-rich secondary minerals must 
be directly derived from the hydrothermal fluids. But in 
order for a different composition quartz diorite to be 
present, there must have been two separate intrusions. 

Buddington (1927) reports, in minor amoun ts, leuco
cratic, sodic igneous rocks such as albite to oligoclase 
quartz diorites, monzodiorites, and granodiorites in 
southeastern Alaska. Oligoclase- to andesine-bearing 
granitic rocks comprise the majority in this area. He sug
gests that either they formed from the squeezing of so
dium enriched interstitial liquid from their associated 
magmas or else they were caused by "albitization". 

From the thin-section relationships and the presence of 
unaltered albite quartz diorites in the eastern portion of 
the massif, this author feels that the plagioclase of the 
albite quartz diorite is primary. Either two intrusions 
took place, or possibly a sodium-rich differentiate de
rived from a parent magma crystallized primary albite. 
More field data and perhaps radiometric dating will be 
needed in order to decide which hypothesis is true. 

In considering aluminum saturation, the igneous rocks 
of Mt. Logan, based on Shand's classification (1950), are 
all peraluminous. Samples L15B, L16B, and L32B con
tain an appreciable amount of muscovite, which is a 
dioctohedral mica containing aluminum in octohedral 
cation sites. Garnet is also present in sample L16B. The 
presence of these lninerals make these rocks peralumin
ous, because excess alumina (after feldspar) goes into 
muscovite and garnet. The remaining igneous rocks do 

TABLE 3. Estimated Modes of Igneous Rocks 

L1 L3A L4 L5 L7 L8 L15B L16A L16B L20 L21A L23 L26A L30A L32B L34 L37A L39A 

Quartz 25 25 20 25 25 25 35 25 10 20 20 30 15 20 32 
Plagioclase 70* 65 72 83 60 75 70* 75 42 52* 70 85 70 70 60* 45 70 55 
Biotite 20 
Muscovite 5 20 2 7 2 
Hornblende 25 29 
Chlorite 5 6 1 15 10 1 3 + 3 5 5 + 25 3 5 
Epidote + 3 + 2 3 1 + 2 3 5 1 2 5 
Calcite 5 3 1 3 5 
Idocrase + + 1 1 
Sphene 3 1 
Opaques + + 2 + + + 5 2 
Garnet 3 
Apatite 1 + + + + + 
TOTAL 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

*Mole % An 5 9 37 15 

I-I = not observed 
1+1 = trace (less than 1%1 
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TABLE 4. Igneous Rocks 

Sample Description 

L1 
L3A 
L4 
L5 
L7 
L8 
L15B 
L16A 
L16B 
L20 
L21A 
L23 
L26A 
L30A 
L32B 
L34 
L37A 
L39A 

Albite quartz diorite 
Albite quartz diorite 
Hornblende diorite 
Diorite 
Albite quartz diorite 
Albite quartz diorite 
Albite muscovite quartz diorite 
Albite quartz diorite 
Muscovite garnet quartz diorite 
Biotite quartz diorite 
Hornblende diorite 
Albite quartz diorite 
Albite quartz diorite 
Albite quartz diorite 
Oligoclase quartz diorite 
Albite quartz diorite 
Albite quartz diorite 
Albite quartz diorite 

not contain muscovite and garnet but do contain bii>tite 
as th~ sole dark silicate. These too are to be classed as 
peraluminous, because granites containing biotite as the 
sole dark mineral consistently 'contain normative corun
dum reflecting the excess of molecular alumina over al
kalies and lime. 

The igneous rocks of the Mt. Logan massif are all quartz 
diorites an4 diorites with no observable potassium feld-
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Fig. 5. Approximate location of the quartz diorite boundary line 
of Moore (1959) in the Yukon Territory. 
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TABLE 5. Average Potassium Feldspar and Quartz 
from Igneous Modes 

Locality Potassium Feldspar Quartz 

Nisling Rnage- 33.69% 28.05% 
Ruby Range- 14.91% 23.15% 
St. Elias Mts.-
(Kluane Ranges and Donjek 14.93% 21.74% 

Mountain) 
Mt. Logan 0% 19.28% 

-Data From Muller (1967) 

spar. In looking at the regional trends of the North 
American Cordillera, there is a marked division between 
rocks of moderate to high potassium feldspar content 
and those of little or none. This divide is called the 
"quartz diorite boundary line" (Moore, 1959), where 
quartz diorite and diorites lie to the west and grano
diorites and quartz monzonites lie to the east. Moore 
states that the continental crust has a larger reservoir of 
K2 0 than does the oceanic crust, and rocks that originat
ed from melting of part 'of the continental crust (sialic 
material) are automatically richer in K2 O. The quartz 
diorite boundary line may then be thought of as a 
division between rocks derived from oceanic crust 
(quartz diorites and diorites) and those derived from 
continental crust (granodiorite and quartz monzonites). 

Buddington,'s geologic map of southeastern Alaska 
(1927) shows the same relations as those Moore describes 
for the Rocky Mountains of the United States. There is 
also a decrease in the silica content from east to west. 

The only extensively mapped area in the southern 
Yukon is Kluane Lake (Muller, 1967), which is approxi
mately 70 miles northeast of Mt. Logan. The majority qf 
plutonic rocks are granites, quartz monzonites, and grano
diorites, with small occurrences of quartz diorites. As 
one moves from northeast to southwest in this area, the 
amount of potassium feldspar and quartz should decrease. 
Data were taken from three igneous rock modes calcula
ted by Muller and the Mt. Logan igneous mode calculated 
by the author. Muller's modes represent the plutonic 
rocks lrom three mountain ranges in his area (Fig. 5). In 
a traverse from northeast to southwest, it is shown that 
the average percentages of quartz and potassium feldspar 
decrease from the Nisling Range to Mt. Logan (Table 5). 

The decrease in potassium feldspar and quartz toward 
the southwest and the complete lack of any potassium 
feldspar in the Mt. Logan massif indicates that the "quartz 
diorite boundary" might be found in between these two 
areas. 

Conclusions 

The evolution of the Mt. Logan massif appears to be 
the intrusion of one or two felsic magmas (probably in 
the middle to upper Cretaceous) into regionally meta
morphosed sediments and volcanics. The two major 
igneous rocks are either products of two intrusions or 
are differentiates from a common magma. 



234 

Sometime after emplacement, tremendous shearing 
and hydrothermal alteration of the eastern two-thirds of 

the massif occurred. It affected all the rocks as shown by 
tne presence ot chlorite, epidote, and shear veins. Actu
ally most vI the igneous rocks in this eastern zone have 
been metamorphosed to the chlorite zone, whereas the 
metamorphic rocks have been retrograded to the chlorite 
zone. Although the cause of this shearing is unknown, 
there are great tertiary fault systems very near to the 
massif, and they may be connected with this later tec
tonism. 
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M iocene-Pliocene G laciations in Southern Alaska· 

George H. Dentont and Richard L. Armstrong:t. 

ABSTRACT. Thick stratigraphic sequences of interbedded tillites, fluvial units, and lava flows form several 
foothills flanking the upper White River valley in the Wrangell Mountains of southern Alaska. These sequences 
have been tilted and faulted into discrete blocks. Correlation of stratigraphic units between the fault blocks 
is not possible, and the sequences must be considered individually. The most extensive sequence contains 
twelve tillites, and others exhibit from one. to five tillites. All the tillites in each sequence exhibit a wide 
range of sediment size; faceted, polished, and striated clasts; diagnostic glacial textures on the surfaces of 
included quartz grains; lack of sorting and stratification; and lack of vertical grading by particle size from the 
base to the top of the deposit. 

Potassium-argon dates of interbedded lava flows show that many of the tillites are 9 to 10 m.y. old, that 
one is about 3.6 m.y. old, and that two are between 8.8 and 2.7 m.y. old. The tillites are thus Miocene and 
Pliocene in age . 

Overlying the tillite sections and separated from them by lava flows are at least four Pleistocene till sheets, 
all of which rest in the modern White River valley. A potassium-argon date indicates that all four postdate 
2.7 m.y., whereas radiocarbon dates show that the youngest corresponds in part at least to the Kluane (Lake 
Wisconsin) glaciation of the southern Yukon Territory and that two of the other three are more than 47,000 
years old. 

The stratigraphy and chronology of glacial drift bodies in the White River valley thus show that intermittent 
glaciation has affected the Wrangell Mountains for the last 10 m.y. During this time span, glaciers experienced 
a minimum of sixteen major expansions; twelve of these are recorded by tillites, and four by tills in the mod
ern valley. These data, when taken in conjunction with evidence of ancient glaciation elsewhere in southern 
Alaska and with climatic inferences drawn from the Tertiary floral record of northwestern North America, 
suggest that major Cenozoic glaciation in Alaska, and perhaps elsewhere, began during the late Miocene. 

The record, from southern Alaska and elsewhere, of continuous glaciation through a large part of the 
Cenozoic emphasizes that a definition of the Pliocene-Pleistocene boundary based on climatic cooling and 
glaciation is no longer feasible. 

(ntroduction 

A major system of mountains borders the Gulf of Alas
ka and forms a gigantic arc through southern Alaska and 
Yukon Territory. Although the entire system is uniform 
in many respects, both physiographically and geologically, 
it is divided at rather arbitrary boundaries into the St. 
Elias Mountains, the Wrangell Mountains, and the Chug
ach Mountains (Fig. 1) (Wahrhaftig, 1965). The St. Elias 
Mountains, which are among the most spectacular in 
North America, trend northwest-southeast for 450 km 
through southern Alaska", southern Yukon Territory, and 
northwestern British Columbia. Numerous rugged peaks 
exceed 4000 m and several, including Mt. Logan (6050 
m) and Mt. St. Elias (5489 m), exceed 5000 m. Mantling 
the mountains is an extensive intermontane icefield, 
which is drained on all sides by long outlet glaciers. The 
Wrangell Mountains, 100 km long and 80 km wide, are 
located to the northwest of the St. Elias Mountains in 

*This report has previously appeared in the American Journal of 
Science, Vol. 267, pp. 1121-1142 (1969), and is reprinted here 
with permission. 
tAmerican Geographical Society, New York, and Radiocarbon 
Laboratory, Yale University, New Haven, Connecticut, at time 
of writing; present address, Department of Geological Sciences, 
University of Maine, Orono, Maine 
:j:Department of Geology and Geophysics, Yale University, New 
Haven Connecticut 
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southern Alaska. They are dominated by glacier-covered 
volcanoes, including Mt. Sanford (4885 m), Mt. Wrangell 
(4269 m), and Mt. Blackburn (5036 m). The Chugach 
Mountains, also extensively covered with glacier ice, lie 
along the Gulf of Alaska to the south of the Wrangell 
Mountains. 

In 1914, Stephen R. Capps (1916) discovered and 
briefly examined thick stratigraphic sections of tillites, 
fluvial units, and lava flows located on the northeast 
flank of the Wrangell Mountains. The sections are ex
posed in foothills on the north side of the modern White 
River valley (Fig. 2), which, along with Russell Glacier 
and Skolai and Chitistone Passes, forms the boundary 
between the Wrangell and St. Elias Mountains. Reexami
nation of the sections has confirmed the presence of 
numerous tillites, and potassium-argon dating of inter
bedded lava flows has shown that the tillites range in age 
from about 3 to 10 m.y. The objectives of this paper are 
to present data on the stratigraphy and age of these Mio
cene-Pliocene tillites and to discuss broad implications 
derived from these data. 

A background of the geologic history of the St. Elias, 
Wrangell, and Chugach Mountains is contained in papers 
by Capps (1916); Moffit (1938,1954); Sharp (1943); 
Sharp and Rigsby (1956); Bostock (1952); Plaf'ker and 
Miller (1957); Miller (1957); Wheeler (1963); and 
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Fig. !. Index map of the Wrangell, St. Elias , and Chugach Mountains in southern Alaska and 
Yukon Territory. The Trinity Islands, not shown on this map, are located in the Gulf of 

Alaska to the west of the area shown in the map. Altitudes in meters. 

Muller (1967). The oldest rocks in the St. Elias-Chugach
Wrangell mountain system are middle Paleozoic in age. 
From Devonian to middle Jurassic times, great thick
nesses of sedimentary and volcanic rocks were deposited, 
mainly under eugeosynclinal conditions. Beginning in 
the middle J urassic, strong intermittent orogeny lifted 
much of the region above sea level and produced fold 
systems paralleling the present arcuate trend of the 
mountains. Widespread igneous intrusions accompanied 
this orogeny. Troughs formed within the fold belt were 
ftIled with sediments, mainly graywacke, during Cret
aceous time; later one of these troughs was uplifted and 
deformed into the present Chugach Mountains. During 
the late Cretaceous and early Cenozoic, renewed orogeny 
created mountains on the present sites of the St. Elias, 
Chugach, and Wrangell Mountains. 

Much of the Cenozoic was marked by uplift and erosion 
of the mountains, accompanied by deposition of sedi
ments in adjacent basins. One important area of deposition 
was along the coast of the present Gulf of Alaska where 
Tertiary continental and marine sediments, including 

marine tillites, are exposed at numerous localities (Miller, 
1953, 1957; Plafker and Miller, 1957; MacNeil and others, 
1961; Hopkins, 1967). In the Yakataga district these 
Tertiary sediments attain a thickness of at least 7775 m 
(Miller, 1957). Another major area of deposition was 
along the north flank of the St. Elias and Wrangell 
Mountains, where sequences of continental sediments 
and lava flows were deposited in shallow basins through
out much of Tertiary time (Capps, 1916; Muller, 1967). 
The White River tillites form one of these sequences. 

Renewed uplift and deformation, as well as widespread 
glaciation, occurred during late Cenozoic time. The St. 
Elias and Chugach Mountains were uplifted to their 
present altitudes along extensive fault zones which are 
still active. The occurrence of unconsolidated bodies of 
glacial drift throughout the region attests to Pleistocene 
expansion of glacier systems in the mountains. On the 
north flank of the St. Elias Mountains, these deposits 
have been dated by radiocarbon and assigned to several 
late Pleistocene glaciations (Rampton, 1969; Denton 
and Stuiver, 1966, 1967). 
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Tillite Sections: Location and Structure 

The tillites discussed in this paper lie in southern Alaska 
near the boundary between the Wrangell and St. Elias 
Mountains. They are located at 61°45' N, 141°51' W, on 
the north side of the upper White River valley, about 13 
km downstream from the terminus of Russell Glacier 
(Figs. 1 and 2). The tillites and associated deposits crop 
out over an area of about 36 km2 and constitute several 
foothills on the north side of the valley. The valley floor 
here lies at about 1200 m, and the tillite exposures range 
between 1225' and 2000 m in altitude. The tillites and 
associated sediments have been dissected by a network 
of small streams; as a result the sections are well exposed. 
The terminal moraine of the Kluane (Lake Wisconsin) 
glaciation (Denton and Stuiver, 1967) passes over the 
outer edge of the outcrop area at an altitude of about 
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1250 m. Thus most of the tillite units lie above the limits 
of ice during the last major glaciation of the area. 

According to the original description by Cap ps (1916, 
pp. 63-67), at least nine tillites, which ranged in thick
ness from 1 to 70 m and which were interstratified with 
thick fluvial beds and with several lava flows, were ex
posed in a single section; the entire sequence was thought 
to be about 900 m thick and to dip about 30° to 70° N. 
Capps (1916, pp. 65-66) also reported a second tillite 
exposure on 'North Fork Creek, about 8 km north of 
the sections discussed in this paper. We believe that 
these exposures on North Fork Creek consist of col
luvium rather than tillite. 

Detailed reexamination of the White River sections by 
the first writer reafftrmed the presence of tillites but 

61°33' L....LL_---l.. ___ :::::::.. ___ ..LL-=-----l~ __ ...c:...__'__'_''__"''_~_::: 

142°02' 

Pleistocene 

Lote Cenozoic 

Carboniferous 

l'~~':~'J Modern outwosh 

~ Kluane (classical Wisconsin) Drift 

~ Basalt and andesite lava flows 

I(:;,'i;:";-') White River tillite sections 

t---~ Altered lava flows and tufts, with some limestone 

o 10 20 kilomelers 
~, ____________ -L, __________ ~I 

Fig. 2. Index map of the upper White River area in the Wrangell .and St. Elias Mountains. Til
lites and surrounding geologic units shown. Much of the mapping IS based on Capps (1916). 

Altitudes in meters. 
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Fig. 3. Geologic map of White River tillites. Mapping by Denton in 1967 and 1968. The 
base map is adapted from a U.S. Geological Survey topographic map, and thus the scale and 

contours are in feet rather than in meters. 

demonstrated that the number of tillites is greater, and 
the structural relations more complex, than originally re
ported. The tillites and associated sediments overlie steep
ly dipping lava flows of probable Carboniferous age (Figs. 
2 and 3) (Capps, 1916). The contact is hidden but in 
most places is probably a fault. Faults also separate the 
tillites and associated sedimentary and volcanic rocks 
into distinct blocks, each exposing a discrete stratigraphic 
section. The longest and most continuous fault is a steep
ly dipping thrust that trends northwest-southeast through 
the entire area of outcrop (Fig_ 2). The stratigraphic units 
within each fault block are tilted, with many dips ap
proaching 60°. Sedimentary structures indicate that 
none of the fault blocks are overturned. Partially over
lying several of the fault blocks are lava flows which form 
part of the Cenozoic flows exposed over a wide area, 

especially north and northeast of the tillite sections (Fig_ 
2). These flows are tilted steeply in the vicinity of the 
tillites, but to the north dips rapidly diminish, and the 
lava flows become nearly horizontal. 

Tillite beds cannot be correlated among the blocks 
with confidence, and thus stratigraphic sections within 
each block must be interpreted individually. The struc
tural complexity of the rocks precludes a reconstruction 
of the positions of the blocks at the time of tillite depo
sition. The most complete glacial sequence is contained 
in the large block located northeast of the major through
trending thrust fault (Fig. 3). This block contains about 
1050 m of sedimentary units, including twelve tillite 
beds and interstratified fluvial units. The tillites range in 
thickness from 10 m to 75 m; the fluvial units are as 
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much as 210 m thick. Within this block two lava flows 
appear. One is about 10 m thick and is located in the up
per part of the section; the other overlies the section and 
is part of the lavas exposed to the north. Several smaller 
blocks southwest of the main thrust fault contain up to 
five tillites and associated lava flows. The large block 
directly south of the thrust fault contains only one till
ite, which is located near the base of about 1800 m of 
fluvial sediments containing one interbedded lava flow. 

Tillite Sections: Sedimentology 

Demonstration that the diamictites in the upper White 
River valley are actually tillites is essential to the argu
ments presented in this paper. Several characteristics 
taken together establish the glacial origin of a diamictite. 
In general, if the following seven criteria are met, a dia
mictite is considered to be a tillite: (1) wide range of 
sedimen t size; (2) lack of sorting; (3) lack of stratifica
tion; (4) faceted clasts, including some which are nearly 
pen tagonal in shape; (5) striations and polish on facets 
of some clasts-these generally occur on less than 5 per
cent of the clasts within a till (Flint, 1961, p. 144); (6) 
lack of vertical grading by particle size from the base to 
the top of the deposit (Crandell and Waldron, 1956, p. 
351; Mullineaux and Crandell, 1962, p. 857; Crandell, 
1957); and (7) diagnostic glacial textures on the surfaces 
of included quartz grains (Krinsley and Donahue, 1968). 
In addition, the argument for glacial origin is strength
ened if the body of sediment has varied pebble lithology, 
has characteristic gh.cial morphology on its upper surface, 
overlies a striated bedrock surface, or is associated with 
rhythmites or outwash. Very few deposits of till or tillite 
have all the above characteristics. However, the presence 
of the first seven criteria establishes a very high prob
ability that the deposit is glacial, and the presence of 
several of the subsidiary features renders glaciation a 
virtual certain ty . 
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As shown below, the White River tillites meet all seven 
of the main characteristics and one of the subsidiary fea
tures indicative of glaciation. In addition, other possible 
origins for diamictites in alpine regions can be eliminated. 
Thus the glacial origin of the White River tillites is con
sidered to be firmly established. 

In most characteristics the tillites in the White River 
section are similar to each other and to younger uncon
solidated late Pleistocene tills exposed throughout the 
region. They range in thickness from about 10 to 80 m 
and maintain nearly constant thickness throughout their 
traceable lateral extents, which range from 10 to about 
1400 m. All the tillites in the White River sections are 
massive, nonsorted, nonstratified, and composed of sedi
ment ranging from clay-to-boulder size (Fig. 4). They 
are composed almost entirely of volcanic rocks derived 
from Carboniferous volcanics, which formed the bedrock 
surface of the region at the time of tillite deposition. 
Pleistocene tills in the region, likewise, are composed 
predominantly of volcanic rocks, although some lime
stone clasts derived from recently exposed Carboniferous 
limestone also are present. 

Most of the clasts in each tillite are subangular or sub
round. Many exhibit the typical soles, snubbed ends, 
facets, and pentagonal shapes characteristic of glacial 
clasts (Fig. 5). From 3 to 10 percent of the included peb
bles, cobbles, and boulders in all the tillites have polished 
and striated surfaces (Figs. 5,6; see also Capps, 1916, p. 
65 and PI. XII). About the same percentage of polished 
and striated clasts is found in the nearby Pleistocene tills. 

The lithified nature of the tillites precluded a measure
ment of vertical size sorting within the units by normal 
mechanical size analyses. Thus a more qualitative field 
method was substituted. Two square meters were marked 
off near the upper and lower contacts of cleanly exposed 
tillite beds. At each measurement site, the greatest 

Fig. 4. Typical exposure of White 
River tillite. Photograph taken at site 
M in Figure 3. Pencil is 20 cm in 
length. -
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exposed dimension of each stone larger than 32 mm was 
measured and placed in a size category. The greatest ex
posed dimension of each of more than 200 stones was 
noted at each measurement site. The results (Table 1) 
show no obvious differences in size sorting between up
per and lower portions of the tillites. In fact, greater 
differences were found among measurements made near 
the tops of tillite units than among those near tops and 
bottoms. In addition, large boulders not included in the 
measurements occur in equal abundance throughout the 
vertical thickness of the tillites. 

David H. Krinsley examined the surface textures of 
quartz sand grains from two of the tillites by electron 
microscopy (samples collected at sites I and M on Fig. 3). 
The surfaces of the grains exhibit textures attributed 
uniquely to glaciation (Krinsley and Donahue, 1968). 
These textures include imbricated breakage blocks, 
parallel striations, large variation in size of breakage 
patterns, high relief, arc-shaped steps, and semiparallel 
steps. Surface textures of quartz grains from the tillites 
occurring on both sides of potassium-argon sample site 1 
and from tillites at localities A, D, E, and M (Fig. 3) 
were examined by the technique of vacuum shadowing 
and light photography described by Krinsley, Morton, 
and Cutbill (1964). These surface textures also exhibited 
many of the features listed above as characteristic of 
glaciation. 

All the tillites directly overlie fluvial deposits, and no 
striated bedrock surfaces are present. 
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Fig. 5. A soled, striated, and faceted 
clast similar to those found in all the 
White River tillites. Clast in photo
graphs is from site M in Figure 3. 
Photograph by Alfonso H. Coleman. 

The types of diamictites from which the White River 
tillites must be distinguished are listed below with the 
criteria that preclude each origin. 

(1) Fluid mudflow or debris flow (including lahars). Several 
characteristics possessed by the White River tillites are not 
present in mudflows or debris flows. Grain-size analyses have 
revealed that in most cases mudflows and debris flows are 
vertically sorted, with a preponderance of large particle sizes 
near the base of the deposit (Crandell and Waldron, 1956, p. 
351; Crandell, 1957; Bull, 1964, pp. 21-26; D. R. Crandell, 
written commun., 1967). Often this vertical size sorting is 
readily visible in cross section. As stated previously, vertical 
size sorting is not present in the White River tillites. In ad
dition, clasts with striations are very rare in flows not derived 
from glacial deposits, and clasts that exhibit facets, polished 
surfaces, and striations are almost never present unless in
herited from glacial debris (D. R. Crandell, written commun., 
1967). The common occurrence of polished and striated 
clasts in all the White River tillites, as well as a lack of vertical 
sorting of particle size, thus makes a mudflow origin imorob
able. 

(2) Dry landslide or avalanche. In the Wrangell and St. Elias 
Mountains, landslide and avalanche sediments usually are char
acterized by sharp and angular clasts set in a loose matrix. 
These are quite unlike the White River tillites, which exhibit 
sub rounded and faceted clasts set in a massive and compact 
matrix. In addition, the faceted, polished, and striated clasts 
common in the White River tillites are absent in landslide and 
avalanche sediments, unless the landslides involved glacial 
sediments. 

(3) Colluvium. Colluvium is crudely stratified sediment often 
consisting of sub angular to subround boulders set in a coarse 
and partly sorted matrix. These characteristics are not -round 
in the White River tillites. In addition, the White River tillites 
possess striated and polished stones, which are absent in col
luvium not derived from glacial deposits. 
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(4) Pyroclastics. Pyroclastic deposits usually are character
ized by glass shards and abundant vesicular material. Many 
are somewhat sorted. Typically glaciated stones and com-
pact, non-sorted matrix are lacking. In all these character-
istics pyroclastic deposits differ from the White River tilIites. 

The White River tillites are interbedded with thick units 
of poorly consolidated fluvial sediments which occur be
tween all the tillite beds throughout the sections. The 
large block located to the south of the through-trending 
fault consists almost entirely of fluvial units. Most of the 
fluvial units exhibit parallel bedding, although cross
bedding is present in some units. Most of the units are 
poorly sorted, with particles ranging from silt-to-boulder 
size. In a few localities some of the beds consist of well
sorted sand and silt. The flovial units present in the 
White River section are inferred to be outwash bodies 
because (1) they are associated with tillites, and (2) their 
poorly sorted character and great thicknesses suggest a 
strong source of debris-laden water, marked by fluctua
tions in discharge, such as that supplied by glacial 
streams. Monotonous sequences of interbedded outwash 
and till bodies are by no means restricted to the White 
River tillite sections but are common in the younger 
Pleistocene sequences in the area. 

No megascopic evidence of weathering zones was 
noted in any of the White River sections. This, however, 
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cannot be used as evidenc.:: that sedimentation was nearly 
continuous, for oxidized zones do not develop under 
present vegetation conditions of a mature spruce forest 
with a floor of thick moss. Nor did weathering zones 
seem to have developed in the White River valley of 
Alaska during the interstadial that preceded the Kluane 
(Late Wisconsin) glaciation, although they formed during 
this time farther east in Yukon Territory (Denton and 
Stuiver, 1967). 

The thickness and sedimentary characteristics of the 
White River tillite and fluvial units suggest deposition 
under generally aggrading conditions, either in a sub
sidizing basin or in a large fault trough such as those that 
form some of the modern valleys of the region (Muller, 
1967). The White River tillite sequence owes its origin 
to intermittent glacial advances separated by intervals of 
outwash deposition and volcanic activity. The sections 
have been tilted, faulted, and dissected subsequent to 
deposition of the glacial units and lava flows. 

Potassium-Argon Dates 

Six lava flows or groups of lava flows are associated 
with the White River tillites. The potassium-argon dates 
of these lavas are presented in Table 2. The locations of 
the dated samples are shown in Figure 3. All the dated 

Fig. 6. Striations on a glacial clast 
from site N in Figure 3. Photograph 
by Alfonso H. Coleman. 
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TABLE 1. Size Measurements of Maximum Exposed Diameters of Clasts in Upper and Lower 
Portions of Till ite Beds 
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Cl> Cl> 

A 
Top 37 40 16 6 258 
Base 42 43 12 3 241 

B 
Top 50 40 8 2 239 
Base 52 35 11 1 <1 226 

C 
Top 49 33 13 3 1 <1 238 
Base 49 30 17 3 <1 235 

0 
Top 35 37 21 6 1 265 
Base 46 37 12 5 <1 216 

E 
Top 45 29 20 5 1 255 
Base 44 37 13 4 2 229 

F 
Top 36 37 :.11 6 <1 266 
Base 35 34 25 5 1 233 

G 
Top 43 35 14 5 2 <1 243 
Base 37 38 17 5 2 <1 244 

Top 60 30 8 2 378 
H Top 70 26 3 <1 <1 397 

Base 59 27 9 4 <1 246 

Top 55 26 14 4 <1 <1 230 
Base 55 31 9 3 1 <1 240 

J 
Top 52 32 11 2 2 242 
Base 50 35 12 3 242 

K 
Top 50 33 12 4 256 
Base 46 30 16 7 246 

Top 56 34 8 2 <1 341 
Top 64 27 7 2 344 
Top 50 37 12 1 344 

L Top 47 41 9 2 <1 297 
Base 64 28 7 1 423 
Base 48 38 11 2 <1 312 
Base 51 34 11 3 <1 306 

M 
Top 61 31 8 299 
Base 61 30 6 2 <1 289 

Note: At each measurement site, two square meters were marked off on the face, and the maximum exposed dia-
meters of all clasts were measured. Each size category represents the percentage of clasts whose maximum exposed 
diameter fell within the stated limits. 

samples consisted of olivine-bearing andesite. The samples The potassium-argon dates indicate that the White River 
were the freshest that could be obtained; nevertheless, tillites were deposited between 2.7 and at least 10 m.y. 
most of the samples contained about 10 percent alter- ago. In the large block northeast of the major through-
ation products derived from olivine and interstitial glass. trending thrust fault, ten tillites lie beneath a flow dated 
Thus the potassium-argon dates must be interpreted with at 8.4 ± 0.7 m.y.; two tillites rest above this flow and be-
caution. They represent at least minimal ages for the en- neath another flow dated 2.7 ± 0.6 m.y. In addition, lava 
closing strata, and the near concordance of several of the flows are associated with tillites in the smaller blocks Io-
dates tends to support their validity. However, dates for cated southwest of the major thrust fault. In one block, 
single, isolated samples should be treated with reserve. tillites lie above and below a thick lava-flow complex 
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that has yielded dates of 9.9 ± 0.5, 8.7 ± 0.9, and 9.8 ± 
0.3 m.y.; in other blocks, tilIites overlie and underlie a 
flow dated at 10.2 ± 0.3 m.y.; and a tilIite rests in juxta
position with a flow 3.6 ± 0.2 m.y. old. A flow dated at 
1.6 ± 0.2 m.y. occurs within the thick tilted sequence of 
gravels that forms the large block directly south of the 
major thrust fault. This suggests that some deformation 
of the tilIite sections occurred subsequent to about 1.6 
m.y. ago, although substantial deformation could well 
have preceded this date . 

The lava flows that partially overlie several of the tilIite 
blocks extend for a considerable distance toward the 
north and northeast, where they attain thicknesses as 
great as 500 m. Broad valleys were carved into this lava 
terrain subsequent to the deformation of the lava flows 
and the White River tilIite sections. Resting in these 
modern valleys and in the present White River valley 
are at least four bodies of till (not tillite). All four are 
younger than the lava flow dated at 2.7 m. y., since this 
flow belongs to the group that forms the lava terrain 
underlying the tills. Additionally, the tills may well post
date 1.6 m.y., a maximum age for the final tilting of the 
White River tillites and lava flows. Radiocarbon dates 
show that the youngest of the four corresponds at least 
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in part to the Kluane (Late Wisconsin) glaciation, and 
that at least two of the other three are more than 47,000 
years old (Stuiver, Armstrong, and Denton, 1969). 

The exact age of the Miocene-Pliocene boundary is con
troversial, and interpretations have ranged from 13 m.y. 
(Kulp, 1961) to 7 m.y. (Funnell, 1964) . This wide range 
encompasses all the older dates of the lavas interbedded 
with the White River tillites. Thus we have assigned the 
older tillites to Miocene-Pliocene time in order to em
body some of the uncertainty in the dates of the White 
River lavas as well as the uncertainty in the age of the 
Miocene-Pliocene boundary. 

Discussion 

The potassium-argon dates of lavas associated with the 
White River tills and tillites show that intermittent glacia
tion has occurred during the last 10 m. y. in the region of 
the northern Wrangell and St. Elias Mountains in southern 
Alaska. During this time span, glaciers experienced a 
minimum of sixteen major expansions; twelve of these 
are recorded by tillites and four by tills in the modern 
valley. The evidence suggests that many of the ancient 
glaciations were grouped around 9 to 10 m.y. ago, and 

TABLE 2. Potassium-argon Dates* 

Sample 
Radiogenic 

Air K Ar40 Age 
(see Fig. 3 Description (%) X 1Q-'cc (STP) correction (X 10' yd 

for location) per g (%) 

The sample, from a flow about 10 m thick, consists of oliv-
0.375 71 

ine-augite andesite with approximately 12 percent alteration 0 .966; 0.962 0.409 69 10.2 ± 0.3 
products. 

The sample is from an andesite flow located near the base of 

2 a group of flows totaling 90 m in thickness. It consists of oliv- 0.693; 0.718 0.278 79 9.9 ± 0.5 ine-augite andesite with approximately 14 percent alteration 0.281 83 
products. 

The sample is from a flow near the top of the same group of 
0.234 90 3 flows as sample 2. It consists of olivine-augite andesite with ap- 0 .699; 0.650 0.227 90 8 .7 ± 0.9 

proximately 20 percent alteration products. 

The sample is from the same lava group as samples 2 and 3. 0.354 72 
4 I t consists of 01 ivine-augite-hypersthene andesite wi th approxi- 0 .896; 0.972 0.358 64 9.8 ± 0.3 

mately 8 percent alteration products. 
-- -----_.- ---.-----

The sample is from a flow about 9 m thick. It consists of hy- 0.311 86 
5 persthene-augite-ol ivine andesite with approximately 10 per- 0.935; 0.931 0.311 88 8.4 ± 0.7 

cent alteration products. .----_ .• ~. -_.-------_._-------
The sample is from the base of the pile of lavas overlying the 0.097 97 

6 tillite sections. It consists of oxidized pigeonite-hypersthene- 0.945; 0.923 0.109 96 2.7 ± 0.6 
andesite with approximately 1 percent alteration products. 

The sample consists of olivine-augite-andesite with approxi -
0.600; 0.625 

0.093 82 
3.6 ± 0.2 7 mately 12 percent alteration products. 0.089 84 

The sample is from a flow about 15 m thick. It consists of 0.097 94 
8 augite-olivine-andesite with approximately 10 percent altera- 1.54; 1.54 0.100 90 1.6 ± 0.2 

tion products. 
-- -- .. - . -- - - - - . - -_ .. _-- ----- -

*K determinations on whole rock samples were done with a Perkin-Elmer atomic absorption spectrophotometer. Ar analyses were done 
by isotope dilution with conventional gas preparation and mass spectrometric techniques. The precision of both K and total Ar analyses 
is 1 percent (a), and the K and Ar values obtained for standard micas indicate that the calibrations are accurate to within 2 percent. The 
errors reported are derived from the 95 percent confidence limits for the atmospheric Ar correction (± 1 percent of the total Ar analysis). 
All data are calculated using the constants: KM = 4.72 X lO- 'O y - l, KAe = 0 .584 X lO- 'O y - 1 4°K/K = 0.0119 atm percent . 
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that several may be older. One glaciation may have occurred 
about 3.6 m.y. ago; at least two occurred between 8.8 
and 2.7 m.y. ago. Subsequent to deformation and erosion 
of the tillite sections, the White River valley experienced 
at least four more intervals of major glacier expansion, 
all younger than 2.7 (and possibly 1.6) m.y. and thus 
probably Pleistocene in age. 

A pertinent question to be answered concerning the 
White River tillites is: Do the ancient glaciations recorded 
by the tillites in the upper White River valley represent 
local or widespread phenomena? Firm conclusions con
cerning this question cannot be drawn from the White 
River tillites alone, in view of the limited knowledge 
about the extent of glacier cover and the topography of 
the region during the time of tillite deposition. However, 
evidence cited below of Miocene-Pliocene glaciation 
elsewhere in southern Alaska tends to support the argu
ment that the White River tillites represent extensive 
glaciation of the mountains of southern Alaska. 

During the Cenozoic, thick sequences of sedimentary 
rocks of Tertiary age were deposited in what is now the 
Gulf of Alaska coastal area along the southern flank of 
the Chugach and St. Elias Mountains. At many localities 
marine tillites constitute a major component of the up
per parts of these sequences. The tillites crop out over 
large areas of the Lituya Bay district (Hopkins, 1967, 
pp. 57-58), the Malaspina district (Plafker and Miller, 
1957), the Yakataga district (Miller, 1957), Middleton 
Island (Miller, 1953; Hopkins, 1967, pp. 57-58), and 
some of the Trinity Islands in the Gulf of Alaska (Pewe, 
Hopkins, and Giddings, 1965, p. 355) (Fig. 1). 

Remarkably complete sections of.these Tertiary rocks 
are exposed in the Yakataga district (Miller, 1957). The 
sections here are similar in most respects to sections ex
posed in other districts along the coast. In the Yakataga 
district about 7775 m of Tertiary strata are divided into 
three formations, from oldest to youngest: the Kulthieth 
formation, the Poul Creek formation, and the Yakataga 
formation. The Kulthieth formation, at least 2850 m 
thick, consists of nonmarine and marine sandstone and 
siltstone, as well as numerous thin beds of coal. The in
vertebrate fauna includes genera that suggest deposition 
of the formation under temperate or subtropical con
ditions during the Eocene. The Poul Creek formation, 
1875 m thick, is composed of marine sedirnents deposit
ed under temperate or subtropical conditions during late 
Oligocene or early Miocene time. The Yakataga forma
tion, more than 3050 m thick, is made up of marine 
sedimentary rocks which contain marine tillites. These 
marine tillites occur throughout the formation but are 
most numerous in the upper part. The mari{!e molluscan 
fauna suggests that the Yakataga formation was deposited 
under cold conditions. Fossils collected well above the 
lowermost marine tillites are late Miocene or early Plio
cene in age. The marine tillites exposed on Middleton 
Island have been assigned to late Pliocene and early-to
middle Pleistocene time on the basis of their molluscan 
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fauna (Hopkins, 1967, pp. 57-59; D. M. Hopkins, writ
ten commun., 1968). 

Tillites of Miocene-Pliocene-Pleistocene age thus are 
exposed at numerous localities in the St. Elias-Chugach
Wrangell Mountain system, as well as on several islands 
in the Gulf of Alaska. The widespread occurrence of 
these deposits strongly suggests that the mountains of 
southern Alaska have undergone repeated major glacia
tions beginning in the late Miocene or early Pliocene and 
continuing through the Pliocene and Pleistocene. The 
climatic inferences drawn from the marine faunas of 
stratigraphic units underlying the tillites along the Gulf 
of Alaska coastal area indicate that these glaciations were 
preceded by long intervals of subtropical and temperate 
climates. 

From analyses of Tertiary fossil floras of northwestern 
North America, Wolfe and Hopkins (1967) and Wolfe 
and Leopold (1967) derived climatic interpretations per
tinent to the glacial history of Alaska. Superimposed on 
a background of early Tertiary warm climates was a 
slight cooling trend through the Paleocene, followed by 
warming until the early Oligocene. Rapid and drastic 
cooling characterized middle Oligocene time, but renewed 
warming followed during the late Oligocene and cul
minated in the middle Miocene. In Alaska and elsewhere 
in northwestern North America, a major climatic deterio
ration took place in the late Miocene, when a decrease of 
7°C in the July average temperature occurred within a 
time span of about 4 m.y. By the early Pliocene, climates 
were very similar to those of the present, although slight 
additional cooling continued through the Pliocene. These 
data are consistent both with the marine-fossil data from 
stratigraphic units exposed along the Gulf of Alaska 
coastal area, which suggest cooling in the late Miocene or 
early Pliocene followed by repeated glaciations, and with 
the potassium-argon dated tillite sequences reported in 
this paper, which show that repeated glaciations prob
ably began about 10 m.y. ago in the White River area. 

Elsewhere in the world, direct evidence for Miocene 
and early-to-middle Pliocene glaciation is found only in 
Antarctica. In West Antarctica, a Miocene(?) ice sheet 
covered the area of the present J ones Mountains (75°S) 
(Rutford, Craddock, and Bastien, 1968). In the McMurdo 
Sound region (78°S) of East Antarctica, potassium-argon 
dates and field relations suggest that the hugh ice sheet 
of East Antarctica had attained a full-bodied stage prior 
to about 4 m.y. ago (Denton, Armstrong, and Stuiver, 
1969; Denton and Armstrong, 1968; Armstrong, Hamil
ton, and Denton, 1968). Thus the buildup of the ice 
sheet of East Antarctica and the concomitant fall of sea 
level through about 55 m occurred well before the Pleis
tocene Epoch. Additional support for late Tertiary 
glaciation in Antarctica is provided by the presence of 
ice-rafted debris in deep-sea cores, taken off the conti
nent, which shows that claving ice has been present on 
Antarctica for at least the last 4 or 5 m.y. (Hays and 
Opdyke, 1967; Goodell, et al., 1968). 
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Tills or tillites of late Pliocene or early Pleistocene age 
have been found in the Sierra Nevada of California and 
in Iceland. In the Sierra Nevada the oldest recognized 
glacial deposit is the Deadman pass till (38°N), which 
was deposited between 2.7 and 3.1 m.y. ago (Curry, 
1966). In northern Iceland, the area of Tjornes (66°N) 
contains an extensive sequence of Pliocene and Pleisto
cene sedimentary rocks, including tillites (Einarsson, 
Hbpkins, and Doell, 1967). The tillites, which are present 
only in the upper part of the sequence, record at least 
ten glacial episodes of such magnitude that they must re
flect worldwide glaciations (Einarsson, Hopkins, and 
Doell, 1967, p. 323). The paleomagnetic stratigraphy of 
numerous lava flows in this sequence suggests that the 
oldest tillite is at least 1. 9 m. y. old and possibly between 
2.4 and 3.0 m.y. old. The nonglacial beds underlying the 
tillites extend back into the Pliocene and exhibit fossil 
and pollen assemblages indicative of a temperate climate 
milder than that of the present. The J okuldalur area of 
northeastern Iceland (65°N) also exhibits old tillites. 
Here potassium-argon dates and paleomagnetic stra
tigraphy of interbedded lava flows show that the oldest 
tillite, which is exposed over a large area, was deposited 
about 3 m.y. ago (McDougall and Wensink, 1966). Glacial 
deposits older than 3 m.y. occur in Iceland, but they are 
restricted to mountainous areas and probably represent 
local glaciers (Einarsson, Hopkins, and Doell, 1967, p. 
322). 

The major changes in sea level associated with the 
buildup of late Tertiary ice bodies are documented in a 
recent Symposium of Tertiary Sea-Levels (Tanner, 1968). 
In a summary of this symposium, Tanner (1968) pointed 
out that the main feature of late Tertiary time is a regu
lar fall in sea level of somewhat less than 70 m. This 
lowering of sea level began in the Miocene and continued 
throughout the Pliocene, until present sea level was 
reached by the beginning of the Pleistocene. The detail 
of the curve is not fine enough to discern any fluctuations 
that may have been superimposed on this decline, al
though Bandy (1968) presents indirect evidence that 
such fluctuations did indeed exist. 

An overall view of late Cenozoic glaciation emerges 
when the data from Alaska are combined with pertinent 
evidences of early glaciations elsewhere. A pronounced 
climatic deterioration occurred during the Miocene, until 
conditions very closely approached those of the present. 
Slight additional cooling continued during the Pliocene. 
Concomitant buildup of glacier ice, beginning in the Mio
cene, occurred in especially favorable localities, such as 
those documented in West Antarctica and in the moun
tains of southern Alaska. As polar ice bodies grew during 
the Miocene and Pliocene, perhaps with major fluctua
tions, sea level fell through a vertical distance of less 
than 70 m. The ice sheet of East Antarctica, which ac
counted for about 55 m of sea level decline, had reached 
a full-bodied stage well before the beginning of the Pie is
tocene. From the very limited evidence available, large
scale continental glaciation on North America and on 
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the land mass of Europe and Asia was restricted to the 
last 3 m.y. and thus was mainly a Pleistocene phenome
non. During the Pleistocene, there may have been as 
many as ten major glaciations. 

This generalized framework of late Cenozoic glaciation 
will undergo constant revision as new data on ancient 
glaciations accumulate. Some modifications may be fore
shadowed by the glacial record of southern Alaska. This 
record, when taken in conjunction with data from Antarc
tica, shows that glaciation on a scale smaller than that of 
the Pleistocene was underway by Miocene time. The Mio
cene-Pliocene glacial deposits of southern Alaska lie be
tween 59°N and 62°N. The central areas of the major 
late Pleistocene ice sheets in the Northern Hemisphere 
were located within, or north of, this latitude belt. The 
occurrence of numerous extensive glaciations in southern 
Alaska during the last 10 m.y. on the same latitude belt 
as the major late Pleistocene ice sheets points to the pos
sibility that small ice bodies, precursors of the Pleistocene 
Laurentide and Scandinavian Ice Sheets, may have existed 
at times during the Miocene and Pliocene. Perhaps some 
of them attained a large size. In addition, as pointed out 
by Einarsson, Hopkins, and Doell (1967) and as shown 
by the large number of Alaskan glaciations, the com
plexity of the late Cenozoic glacial record emphasizes 
again that the classical glacial sequence requires reexami
nation and that long-distance correlations based on the 
classical scheme are probably often erroneous. 

Definition of the Pliocene-pleistocene 
Boundary 

The evidence of ancient Cenozoic glaciations in south
ern Alaska bears on the problem of the defmition of the 
Pliocene-Pleistocene boundary. Two basic definitions 
are commonly in use (Flint, 1965, p. 500). The first is a 
stratigraphic definition based primarily on evolutionary 
changes in organisms. The commonly accepted definition 
that encompasses this concept was proposed by the Inter
national Geological Congress of 1948 (Butler, ed., 1950, 
p. 6). The Congress suggested that the boundary be 
based on changes in marine faunas and that the "Lower 
Pleistocene should include as its lower member in the 
type-area the Calabrian formation (marine) together with 
its terrestrial (continental) equivalen t the Villafranchian." 
Even this defmition did not escape climatic connotations, 
as some of the faunal changes at the marine boundary 
were thought to reflect the first marked cooling in the 
Neogene sequence of Italy. Because a stratigraphic defi
nition based on changes in marine faunas is difficult to 
use in continental areas, a second definition based di
rectly or indirectly on climate has continued in use. The 
existence of glaciers as a manifestation of climatic cool
ing is nearly always stated or implied in this definition. 
Thus the problem of defining the base of the Pleistocene 
has become intertwined with the more basic problem of 
determining the timing and causes of initial widespread 
Cenozoic glaciation. 
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The late Cenozoic glacial record of southern Alaska 
(Miller, 1953, 1957; Plafker and Miller, 1957; MacNeil , 
et al., 1961; Hopkins, 1967; this paper) and the new 
evidence of Tertiary glaciation in Antarctica (Rutford, 
Craddock, and Bastien, 1968; Denton, Armstrong, and 
Stuiver, 1969; Denton and Armstrong, 1968) demon
strate that large bodies of glacier ice existed in polar re
gions, in the mountains of southern Alaska, and prob
ably in other favorable localities long before the Pleis
tocene Epoch. This strongly emphasizes the conclusion 
of McDougall and Stipp (1968) that a defintion of the 
Pliocene-Pleistocene boundary based on climatic cooling 
and glaciation is no longer feasible because such a bound
ary probably is not an isochronous surface throughout 
the world and, in any case, substantially predates the 
Pleistocene in many regions. Thus the base of the Pleis
tocene probably should be drawn strictly on strati
graphic and evolutionary criteria, and the problem of 
the beginning of Cenozoic glaciation should be disengaged 
from the definition of the Pliocene-Pleistocene bound
ary. At present the best candidate for the Pliocene
Pleistocene boundary seems to be the base of the 
calabrian formation in Italy. However, in view of the 
new data on the antiquity and complexity of late 
Cenozoic glaciations, all climatic implications should 
be removed from this definition. 
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A Possible Advanced Hypsithermal Position of the Donjek G lacier* 

Peter G. lohnsont 

The ice field of the St. Elias Mountains in the southwest 
Yukon Territory is the source of a number of large val
ley glaciers. The Donjek Glacier, one of the largest of 
the valley glaciers on the eastern side of the icefield, 
flows about 35 miles from the ice field at an altitude of 
10,000 feet to the terminus at 3,500 feet in the Donjek 
River valley (Fig. 1). The history of the glacier from 
1935 to the present is well documented photographically 
(Walter A. Wood and Austin Post, personal communica
tions). Documentation of the Hypsithermal and Wiscon
sin history of the glacier is less abundant. Denton and 
Stuiver (1966) produced a detailed study of the glacier 
terminus area but there are a number of gaps in the Neo
glacial and Hypsithermal history. Other studies of rele
vance to the glacial history of the area are those of Sharp 
(1951), Krinsley (1965), Borns and Goldthwait (1966) , 
Denton and Stuiver (1967), Muller (1967), Rampton 
(1969,1970), and Bostock (1952). None of these stud
ies delimits a Hypsithermal position for the Donjek 
Glacier terminus. Denton and Stuiver (1966) found evi
dence for the retreat of the Kaskawulsh Glacier during 
the Hypsithermal Interval to a position 15 miles upval
ley from the Neoglacial terminus position, but Rampton 
(1969, 1970) identifies no Hypsithermal terminus posi
tion for the Klutlan Glacier (Fig. 1). 

During the summer of 1970 the terminus area of the 
Donjek Glacier and the lower part of the glacier valley 
were investigated for evidence of its Hypsithermal posi
tion. No evidence was found in the valley occupied by 
the glacier to indicate that it had retreated back mto 
the valley from the Donjek River valley. The inclusion 
of 'Slims Soil' (Borns and Goldthwait, 1966) in the 
material of the Neoglacial moraine complex of the gla
cier indicates that there must have been some retreat up
valley of the moraine position before the Neoglacial re
advance. 

Downvalley from the Neoglacial moraines there is 
evidence for a relatively recent, probably Hypsithermal, 
ice marginal position. This evidence is in the form of a 
lateral moraine, terminal moraine remnants, and the dis
tribution and development of the Hypsithermal Slims 
Soil and volcanic ash. Unfortunately no material was 
found which could be dated by radiocarbon techniques 
to verify the age of the features. 

*This report has previously appeared in A rctic, Vo!. 25 , pp. 302-
305 (1972) , and is reprinted here with permission. 
tDepartment of Geography , University of Ottawa, Canada 
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Fig. 1. Location of the study area. 

The glaciallandforms are relatively easily identified 
when compared with the highly denuded forms which 
represent the pre-Neoglacial periods found elsewhere in 
the Donjek valley. On the edge of the active and fossil 
areas of the braided river bed there is an area of small 
water washed mounds (Fig. 2). These forms are fairly 
linear in their occurrence and are oriented across the val
ley floor. They rise up to 4 or 5 feet above the highest 
river terrace level. The surface of these mounds has been 
well washed by the action of the Donjek River but below 
the surface washed zone there is a high percentage of ma
trix material which suggests that the mounds may have 
been originally composed of till. Forms with very similar 
characteristics occur between the Neoglacial moraines 
and the glacier terminus where the recent action of melt
water has denuded the small moraines deposited during 
the last 40 years. The considerably longer period of sur
vival of the mounds outside the Neoglacial position 
which, from the evidence of the wide extent of the fossil 
braided river bed, must have survived considerable ero
sive activity by the river, indicates a form of much greater 
dimensions than the recent moraines. 

The line of orientation of these moraine remnants in
tersects the southwest valley side at a position which 
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Fig. 2. Downvalley terminus of the Donjek Glacier. (Photo No . A14960. 11. Courtesy of National Air Photo Library, Sur
veys and Mapping Branch, Department of the Environment, Ottawa, Canada.) 

correlates with a line of lateral moraine remnants on that 
side of the valley (Fig. 2). This lateral moraine rises to a 
height of 200 feet and is oriented up the valley side from 
a position close to the Neoglacial moraine. The moraine 
is dissected by a number of alluvial fans but the remnants 
indicate that downvalley it curves back toward the val
ley floor and the position of the mounds discussed above. 
The flow pattern of the Donjek Glacier in its termi-
nus area is directed against the northeast side of the 
valley and it is difficult to see that an advance to the 
position discussed above would cause the upslope ex
pansion of the ice indicated by the position of the mo
raine. In an area where two glaciers are confluent there is 
a compressional force which can result in local expansion 
of the combined ice flow. The confluence of the Donjek 
and Kluane Glaciers at the time of formation of the mo
raine would account for the upslope orientation of the 
moraine form. Muller (1967) identifies a Sub-Recent ad
vance of the Kluane Glacier to approximately the posi
tion discussed in this paper. Ice marginal features on the 
northeast side of the valley south of the Donjek Glacier 
terminus indicate that at this position of the Kluane 
Glacier the ice would be less than 500 feet thick. Al
though no datable material was obtained for these forms 

morphological evidence for other periods of glaciation 
supports Muller's hypothesis that they are post St. Elias 
Glacial advance (Kluane Glaciation, Denton and Stuiver, 
1966). The existence of three distinct moraine systems 
at the terminus of the Kluane Glacier which are appar
ently of Neoglacial age would support the hypothesis 
that Muller's Sub-Recent (Neoglacial) position of the 
Kluane Glacier occurred between the St. Elias glacial 
advance and the Sub-Recent stage, that is, in the Hypsi
thermal period. 

Although the Hypsithermal Slims Soil, developed on 
Kluane Loess, occurs both on the proximal and distal 
sides of the lateral moraine, there is a contrast between 
the sections. Between the lateral moraine and the Neo
glacial moraine the soil sequence is poorly developed, 
especially when compared with sections in the Slims 
River valley (Denton and Stuiver, 1966; Borns and 
Goldthwait, 1966; Fahnestock, 1969). The existence of 
volcanic ash of the eastern lobe from the Mount Nataz
hat source area (Lerbekmo and Campbell, 1969) on both 
sides of the moraine also indicates formation of the mo
raine and retreat of the glacier in pre-Neoglacial time but 
does not help to place the moraine formation at any 
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particular stage of the Hypsithermal. The change in the 
degree of development of the soil sequence indicates that 
the period of the Hypsithermal weathering after the re
treat of the ice from the moraine was short and suggests 
that the moraine probably dates from late in the Hypsi
thermal Interval. 

This hypothesis poses two difficult questions. The first 
is to explain the considerable amount of retreat of the 
Kluane Glacier from a late Hypsithermal confluence 
with the Donjek Glacier to its Neoglacial position 15 
miles up the Donjek River valley. This amount of re
treat is considerably greater than that indicated for the 
Donjek Glacier in the same period. Part of the explana
tion lies in the fact that the Kluane Glacier was relatively 
thin at the time of its confluence with the Donjek Glacier 
and a period of negative mass budget in the late Hypsi
thermal would result in considerably greater retreat. The 
second question raised is that of the apparent difference 
between the Donjek Glacier and the Kaskawulsh Glacier 
during the Hypsithermal (Denton and Stuiver, 1966, 
1967). Indications that the Kaskawulsh Glacier retreated 
about 15 miles above its present terminus help to 
strengthen the hypothesis of the Kluane Glacier retreat 
but emphasize the lack of evidence for a Donjek Glacier 
retreat of similar proportions. It is possible that most 
of the evidence for the Donjek Glacier retreat was de
stroyed by the Neoglacial advance. As no evidence was 
found for the extent of the retreat .of the Donjek and 
Kluane Glaciers in the Hypsithermal it is impossible to 
consider if their amounts of Neoglacial advance correlate 
with that demonstrated for the Kaskawulsh Glacier. 

A rapid retreat of the Kluane Glacier compared with 
the Donjek Glacier in the late Hypsithermal would help 
to explain the formation of the Donjek River gorges 
along the northeast side of the valley adjacent to the 
Donjek Glacier terminus (Fig. 2). The Donjek River 
would have been swollen by the considerable volumes 
of meltwater from the ablating Kluane Glacier and a 
stable Donjek Glacier position would have restricted 
this meltwater to the northeast side of the valley. If the 
Donjek Glacier had retreated into the glacier valley the 
meltwater from the Kluane Glacier would have taken 
the easier route across the ablation drift at the conflu
ence of the two valleys. The complexity of the network 
of river channels indicates a number of periods of for
mation which may have been due to fluctuations of the 
Donjek Glacier terminus. Drainage changes have occur
red over the last 35 years with periods of surge and abla
tion of the Donjek Glacier and it is thought that similar 
late Hypsithermal fluctuations may have been respon
sible for the formation of the gorges . 
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It is considered that there is evidence for a stable 
phase of the Donjek and Kl~ane Glaciers late in the Hyp
sithermal period. This position is downvalley of the 
Neoglacial maximum position which contrasts with the 
documented situation in the Kaskawulsh valley. Late 
in the Hypsithermal the glaciers retreated from this sta
ble position, the Kluane Glacier retreating to a Neogla
cial position 15 miles upvalley and the Donjek Glacier 
apparently retreating only a short distance before read
vancing to its Neoglacial maximum position. 
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The Morphological Effects of Surges of the Donjek Glacier, 

St. Elias Mountains* 

P. C. Johnsont 

ABSTRACT. The present surge of the Donjek Glacier on the northeast side of the St. Elias Mountains, firs t 
noticed in 1969, is producing a number of morphological effects adjacent to the glacier in the terminus area. 
Although the effects of the surge are minimized by the lobate form of the glacier terminus, several types of 
push structure, erosional forms. and certain drainage changes are being produced. Thesl' forms arc similar to 
older forms close to, or on, the Neoglacial maximum moraine . It is considered that the similarities suggest 
that surges may have occurred throughout most of the N eoglacial period. 

Introduction 

The glaciers which flow from the ice field of the St. Elias 
Mountains in the southwest of Yukon Territory are prob
ably the best known surging glaciers. Many of the glaciers 
in the area are known to have surged or show the indica
tive morphological characteristics (Rutter, 1969; Meier 
and Post, 1969). The Donjek Glacier, one of the largest 
valley glaciers in the St. Elias Mountains, (Denton and 

*This report has previously appeared in] ournal of Glaciology, 
Volume 11, pp . 227-234 (1972), and is reprinted here with the 
permission of the International Glaciological Society. 
tDepartment of Geography, University of Ottawa, Canada 

Stuiver, 1966, 1967), is one for which there is photo
graphic evidence of recent fluctuations of the terminus 
(photographs by W. A. Wood and A. Post). In 1969 aerial 
photographic reconnaissance by A. Post (personal com
munication) indicated that the glacier was starting a 
period of surge. 

The Donjek Glacier lies on the northeast side of the 
St. Elias Mountains and stretches for about 55 km from 
the ice field to its terminus. The glacier is a typical valley 
glacier and it terminates at the point where the Donjek 
Glacier valley joins the Donjek River valley (Fig. 1). This 
situation at the terminus has produced a lobate terminal 
form to the glacier, where the ice has spread out into the 
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Fig. 1. The terminus of the Donjek Glacier . 
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Fig. 2. The surface of the surging Donjek Glacier. 

wide valley floor of the Donjek River valley, which has 
meant that some of the morphological effects of the 
surge are reduced. 

Effects of the 1969 Surge 
Apart from the terminal area, the effects of the 1969 

surge have been similar to those observed elsewhere 
(Meier and Post, 1969). Dislocations at the junction of 

the icefield with the ice and snow cover of the surround
ing mountains indicate a diminishing in height of the ice 
in the accumulation area. Below the firn line there is con
siderable disruption of the glacier surface with large open 
crevasse systems and ice pinnacles (Fig. 2). Along the 
margins of the glacier a number of the small tributary 
glaciers have been truncated by the unusually rapid 
movement of the main glacier. In addition a record of 

Fig. 3. Truncated termini of a tributary glacier on the south side of the Donjek Glacier (photograph 
from aerial photograph A15434-179, reproduced by permission of the National Air Photo Library, 

Surveys and Mapping Branch, Department of Energy, Mines and Resources, Ottawa, Canada). 
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former surges exists in the margins of the glacier in the 
form of isolated tongues of tributary glaciers which have 
been cut off and moved downglacier by successive 
periods of surge (Fig. 3). 

Although the surge has had the effect of reactivating 
the terminus of the glacier, producing an almost vertical, 
unstable, ice face of up to 30 m in height (Fig. 4), there 
has been little readvance of the terminal position. This is 
due, most probably, to the dissipation of.the movement 
in the lobate form of the glacier terminus (Fig. 5). The 
present surge has resulted in a movement of less than 
500 m down the river valley and the movement across 
the valley has been less than 100 m. This movement may 
be compared to that of earlier surges in 1935 and 1962 
which produced maximum advances down the river 
valley of about a kilometer. The rather limited move
ment toward the valley wall is problematical. It does not 
appear to be due to the physical restriction of the valley 
side since the Donjek River has maintained its course be
tween the glacier and the valley wall. 

Below the vertical face of the active glacier terminus 
there is an area of stagnant ice with a low angle of slope 
(Fig. 4). This stagnant ice is separated from the active 
ice by a distinct structural break. It is apparent, from a 
study of aerial photographs of the glacier, that this ice is 
the remains of the pre-surge terminus which is now being 
pushed by the reactivated glacier. The stagnant ice is in 
some areas rapidly ablating due to a thin cover of silts 
and clays and in other areas is being covered with out
wash debris. 

The recent movement of the terminus has resulted in 
the formation of a number of push structures. Field ob
servations showed that the Neoglacial moraine is exten
sively ice cored. The push of the active ice into the older 
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moraine has resulted in the shear of the stagnant glacier 
ice core toward the surface, and in places this ice has 
been exposed (Fig. 6). Similar ice-cored moraines have 
been described in Scandinavia by ~strem (1959,1962, 
1964). Theoretically the rate of erosion of the exposed 
face of till and ice would be very rapid due to the melt
ing of the ice and the slumping and subsequent flow of 
the overlying till. In the early summer of 1970 the aver
age rate of retreat on the Donjek moraine exposure was 
0.6 m per week. The push of the active ice across the 
outwash area adjacent to the terminus in a downriver 
valley direction has produced two moraine forms which 
are up to 3 m in height. One form is ice cored and is 
being produced by the shear of stagnant ice from beneath 
the outwash by the movement of the glacier and the 
second is being produced by the deformation of the till 
and outwash in a saturated condition immediately adja
cent to the glacier (Fig. 7). 

The slight readvance of the glacier terminus during the 
present surge is eroding a large area of crevasse Hllings, 
which had been deposited during the down-wasting of 
the ice from the maximum position of 1961. Some minor 
moraine ridges which had been deposited during the last 
thirty years are also being degraded. On the southwest 
side of the river valley, north of the confluence of the 
Donjek Glacier valley with the Donjek River valley, the 
surge is also eroding hypsithermal alluvial fans built out 
from the valley side. This erosion has rejuvenated the 
streams crossing these fans and some have incised them
selves up to a depth of 45 m within the old fan surfaces. 

Effects of Former Surges 
There is considerable morphological evidence which in

dicates that the Donjek Glacier has been affected by 
fluctuations of its terminus position during a considerable 

Fig. 4. Ablation-covered wedge of stagnant ice being pushed in front of the surging Donjek Glacier. 
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Fig.s. The terminus of the Donjek Glacier showing the lobate form of the terminal area. 

portion of the Neoglacial period and that the Donjek 
River has repeatedly changed its course. For example, in 
1935, the glacier terminus was close to the position of 
the maximum Neoglacial moraine system and the Donjek 
River followed its present course through the granodio
rite gorges along the northeast side of the river valley. 
By 1956 the terminus position had retreated about 1. 5 
km and the river was flowing along the terminus of the 
glacier, inside the Neoglacial moraine complex, and then 

out, downvalley, through a large gap in the moraine. In 
1961, a re advance of the glacier had again diverted the 
river through the granodiorite gorges. Evidence of similar 
changes in the course of the river prior to 1935 occurs in 
the pattern of dry river gorges and waterfalls (Fig. 8) 
along the northeast side of the valley. In view of the very 
recent changes in the drainage pattern related to terminus 
fluctuations during surges it is likely that the dry river 
courses may be the result of previous surges. 

Fig. 6. Ice core to the main Neoglacial moraine. 
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Fig. 7. Push moraine at the downvalley terminus of the Donjek Glacier. 

There is evidence for the occurrence of fluctuations of 
the glacier terminus on the moraines dating from the 
maximum of the Neoglacial (Porter and Denton, 1967, 
Denton and Porter, 1970). Some of the minor ridges on 
the moraine have shear and push structures which are 

,similar to those which are now being formed at the 
terminus of the glacier. These push moraines are an in
dication of fluctuations of the glacier terminus in the 
period postdating the maximum Neoglacial position, 
that is, post 300 B.P. (Dent on and Stuiver, 1966, 1967). 

One area of the Neoglacial maximum moraine, on the 
west side of the downvalley terminus, has been consider
ably eroded by mudflow activity. The apparent similarity 
in the pattern and structures of the mudflows in this area 
to those where the ice core has been exposed by recent 
glacier activity and the occurrence of one small ice core 
exposure indic:ttes a orobable genetic similarity between 
the two areas. Photographic analysis shows that this par
ticular area did not exist prior to the 1961 surge (photo
graphs by W. A. Wood). It is probable, therefore, that the 

Fig. 8. The Donjek River gorges formed as a result of'different periods of surge of the Donjek Glacier. 
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Fig. 9. Ice-cored moraine formation at the margin of the Donjek Glacier. 

movements in 1960-1961 exposed the ice core in the 
moraine and that it has taken almost ten years for the 
exposure to become stabilized again. 

Conditions at the terminus of the surging glacier give 
some indications of the mode of formation of ice-cored 
'moraines, and also, of their relationship to the phenom
ena of surging. The stagnant ice of the pre-1969 glacier, 
which is being pushed by active ice, is the primary area 
of accumulation of ablation and outwash debris. This 
accumulation is localized and in places a thin cover of 
silts is promoting the ablation of the ice. This process ap
pears to be producing moraines (Figs. 9 and 4) of similar 
form to those more remote from the glacier terminus 
and also similar to the Neoglacial maximum moraine. 

Conclusions 

Although the effects of the surge of the Donjek Glacier 
in the terminal area have been minimized by the lobate 
form, a number of push and erosion forms are being 
produced. The similarity between the forms being pro
duced at present and those mapped on parts of the Neo
glacial maximum moraine provide evidence which, to
gether with the indications of changes in the Donjek 
River drainage pattern, suggest that the Donjek Glacier 
has been subject to surges since the early part of the 
Neoglacial period. 
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Survey of the Rusty Glacier Area, Yukon Territory, 1967-1970· 

S. G. Collinst 

ABSTRACT. A study of the movement of Rusty Glacier was undertaken and continued through four sum
mers because it is believed to be a surging glacier in the last stages of the inactive phase preceding a surge. The 
entire glacier is very slow moving, essentially motionless in the lower third and most rapid in an area well above 
the firn line. Unusually steep ' flow-line emergence angles and higher than average longitudinal compression rates 
in the lower-middle part of the glacier indicate gradual thickening of the ice above the stagnant lower tongue. 
There is no clear correlation between local variations in flow rates and surface or bottom topography. The 
glacier is mostly colder than O°C to the bottom, and in the one known area of O°C bottom temperature, flow 
rates are not greater than elsewhere. Although the glacier is everywhere very thin, maximum flow rates seem 
clearly related only to variations in ice thickness. The nearby Trapridge Glacier is also a surging glacier and 
exhibits a strikingly similar flow pattern. 

Introduction 

Rustyl Glacier (61°13'N, 140
0

20'W), with the adjacent 
Backe l and Trapridge1 Glaciers, lies near Steele Glacier 
in the upper watershed of Steell Creek on the north 
slope of the St. Elias Mountains, southwestern part of 
the Yukon Territory, Canada (Fig. 1). Rusty Glacier is 
about 4.5 km in length; its area is 4.9 km2

• It lies be
tween the altitude of 2010 and 2770 m above sea level. 
Trapridge and Backe Glaciers are generally similar to 
Rusty Glacier in size and altitude range but they have 
not been mapped in detail. All three glaciers have surged 
in the past and each is now in a different phase of its 
surge cycle. 

Rusty Glacier was selected in 1967 for an intensive 
interdisciplinary study because (1) its features are those 
of a soon-to-surge glacier well along in the quiescent 
phase of its cycle of periodic motions (Meier and Post, 
1969), (2) it is small enough to be studied easily, and 
(3) it is accessible for logistic support from the Arctic 
Institute of North America's Icefield Ranges Research 
Project based at Mile 1054, Alaska Highway, at the 
southern end of Kluane Lake (Arctic Institute of North 
America, 1967). 

In general, the surveying summarized in this paper has 
consisted of triangulation to establish ground control 
for aerial photogrammetric mapping and of four annual 
observations of 70 marker poles on the glacier for flow
pattern analysis and possible early detection of a pre
dicted surge. In 1969 and 1970, an array of 26 marker 
poles installed on Trapridge Glacier was also observed. 

*This report has previously a ppeared in the Journal of Glaciology, 
Vo!. 11, pp. 235-253 (1972), and is reprinted here with the per
mission of the International Glaciological Society. 
t American Geographical Society at time of writing; present 
address: Arctic Institute of North America, 3458 Redpath 
Street, Montreal 109, Quebec, Canada 
J In the past Rusty, Backe and Trapridge Glaciers have been re
ferred to by the unofficial names "Fox." "Jackal," and "Hyena" 
glaciers, respectively. 
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Fig. 1. Location of the study area and the relationship of Rusty 
G lacier to major nearby features. 

The coordinates and altitudes determined for each 
marker pole have been used in gravimetric mapping, 
mass-balance studies, thermal drilling for englacial tem
perature data, sample collection for stable isotope analy
sis, seismic and radio soundings, and other work. 

Primary Net Surveying 

The program was begun in the early summer of 1967 
with the triangulation of stations on the periphery of the 
glacier valley; these were later used as instrument stations 
in surveying of marker poles on the glacier ice itself. The 
stations were established on the most stable footing avail
able and monumented with 0.64-cm by 45-cm steel rods 
driven into the soil, most commonly well-compacted 
glacial drift, but in several cases weathered bedrock. A 
1.52-m length of 2.9-cm steel pipe was centered ver-
tically over the rod and held firmly by a rock cairn. The 
stations were clearly discernible through the surveying 
instruments ; the most distant observation was about 5 km. 
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All surveying of the primary net was done with a wild 
T -2 theodolite graduated in the metric system (400 grad 
arc). Rounds of angles were measured from each station 
to all other visible stations. Each angle was read three 
times direct and reverse. Fortunate coincidence of field 
schedules made it possible to arrange this phase of the 
Rusty Glacier survey so that two stations in the primary 
net were included in the trilateration of Steele Creek and 
Steele Glacier valley being conducted that summer by a 
Canadian party equipped for geodetic surveys of high 
precision. The adjusted distance between these two sta
tions was reported as 1,419.494 m; this distance was used 
as the base line for the determination of the coordinates 
of all other stations. Major C. N. Thompson, in charge of 
the Canadian field party, very kindly agreed to include 
the Rusty Glacier observations in the program of coordi
nate computations for the S teele Creek survey, so that 
the positions and directions determined in the Rusty 
Glacier work would be expressed on a Universal Trans
verse Mercator projection compatible with the Steele 
Valley map. Coordinates of these nine primary stations 
were computed by the Canadian Mapping and Charting 
Establishment. The accuracy given for the Rusty Glacier 
survey in the computation report is 1: 25,000. Six sec
ondary observation stations were established later with 
approximately the same accuracy. 

Aerial Photogrammetry 

In August 1967 the Canadian Topographic Survey flew 
aerial photography of Steele Glacier, at that time in the 
middle stages of a surge. The Rusty Glacier survey sta
tions were marked for recognition and the area was in
cluded. In 1968 the survey results were used as ground 
control to construct a 1 : 10,000 scale map of the Rusty 
Glacier area with a contour interval of 10 m. This has 
served admirably as a base map for all subsequent work 
on Rusty Glacier. 

Surveying of Marker Poles 

A directional survey procedure was decided upon after 
considering the following: 

(1) Seventy marker poles were to be located. 
(2) Accuracy better than 1/2500 is required so that overall prob
able error will be less than 0.5 m. 
(3) To reliably exceed this minimum precision limit, each target 
must be observed from three or more instrument stations and 
each observation repeated with the telescope direct and reversed. 

In order to deal with the necessary 3000 separate in
strument sightings, a rapid field procedure and a note 
system suited to computer treatment were adopted. A 
program for computation of target coordinates was pre
pared by Mr. Edward True of the Rochester Institute of 
Technology's Computer Center. Intersection points of 
lines-of-direction through each target from various known 
instrument positions are computed and a least-square 
routine establishes the best-fitted common intersection 
coordinates. Possible magnitude of surveying errors (dis
tance between individual intersection points) is indicated 
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on the print-out along with the best-fit target coordinates, 
altitude, and the station-to-target distance. The field ob
servation for the Rusty Glacier survey can be completed 
in about fourteen good working days. The accuracy 
achieved is within the desired limits, although the require
ment for rapidity necessitates a sacrifice of precision in 
field procedure. 

The average probable error (computed by the standard 
equation below) in the location of any single marke'r pole 
is about 0.38 m. 

0.6745 (2 2 2 )Y2 
e = (n _ 1)Y2 at + a2 + ... +an 

where e is probable error, a is distance between any inter
section point and the accepted least-square target coordi
nates, and n is number of intersections locating the tar
get. 

Regression lines were plotted through each set of four 
observed annual marker-pole positions and "ideal" coor
dinates plotted at uniform intervals along the lines. The 
average probable error di~ance between observed and 
"ideal" coordinates was 0.22 m. On one occasion obser
vations were duplicated on 19 targets and the average 
distance between the two successive positions determined 
for each was 0.19 m. Thus, a change in the position of a 
marker pole of more than about 0.2 m is detected re
liably, although the absolute position of the pole is not 
known more reliably than ±0.38 m. It is felt that this de
gree of accuracy is adequate, since significant yearly 
motions in the ice are in the range of meters, and other 
sources of error (bending and tilting of poles) are larger 
than the surveying error. All observations were made on 
the marker-pole tops. For motion analysis no correction 
was made to the ice surface; changes in the observed pole
top positions were assumed to be identical to the posi
tion changes of the supporting ice. 

Machine time required for processing the combined 
Rusty and Trapridge Glaciers survey data (about 100 tar
gets altogether) on an IBM 360 was less than 0.33 hour, 
including compilation time and a re-run to eliminate sun
dry human errors. 

Analysis of Results 

Figure 2 shows the general configuration of Rusty Gla
cier and the valley floor beneath the ice, the positions of 
all primary survey stations and the array of marker poles 
in the ice with the average yearly observed amount and 
direction of motion indicated for each. Computed from 
the map and its source materials, the following are the 
general geometric ~arameters of the glacier: length, 4.5 
km; area, 4.97 km ; greatest ice thickness, 88 m; average 
ice thickness, 36 m; volume, 0.178 km3

; lowest altitude, 
2010 m (MSL datum); highest altitude, 2770 m; average 
slope, 1/5.92 or 0.169. 

Components of the flow pattern are portrayed sep
arately for emphasis in Figures 3 and 4. Figure 3a shows 
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Fig, 2, Ma p of Rusty Glacier, showing surface and bedrock topography, positions of survey stations and marker poles, and direction and 
relative amount of motion in all cases where pole was observed to move more than 0,3 m/year. (After Crossley and Clarke, 1970; Canada 
Dept, Energy, Mines , Resources, Surveys and Mapping Branch, 1968; Crossley, 1970.) 
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Fig_ 3_ (a) Horizontal flow lines and contours of average annual movement; contour increment is 0.5 m/year. (b) Annual snow lines and 
emergence pattern; cross-dashed Enes represent early August snow lines on respective years as labeled; heavy dashed line represents zone 
emergence angle where flow lines parallel the glacier surface; areas of positive and negative emergence are so designated, and areas where 
flow lines diverge upward from a horizontal plane are stippled. (c) Ice thickness and bottom "hot spot"; isopachous contours are in 
meters; stippling represents area in which a layer of ice near the glacier bottom is at the pressure-melting point. (After Classen and Clarke, 
1971.) 
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Fig. 4. (a) Distribution of longitudinal strain-rates; negative values indicate compression, positive, extension; contour units are 10- 3 

year - ' . (b) Distribution of transverse strain-rates; units and signs are the same as for 4a. 

horizontal flow lines and contours of equal horizontal 
motion plotted from values averaged over three successive 
years; small variations in movement from one year to the 
next were thought not to be significant. Ice motion is 
everywhere extremely slow; marker-pole displacements 
almost all measured less than 4 m/year. Strain-rates (Fig. 
4) are also low, smaller than 8 X 10 - 3 year -1 with very 
few exceptions. 

In the lower part of the glacier tongue, below about 
2200-m altitude, no motion significantly larger than prob
able random surveying errors was detected, with the ex
ception of marker poles at the base of the Backe Glacier 
front which had been moved eastward by the active Backe 
Glacier pushing out into the Rusty Glacier valley. The 
lower Rusty Glacier tongue has probably been essentially 
stagnant for many years. A number of linear drift features 
extend from the valley walls and cross the lower tongue 
at approximately right-angles to the flow axis (Fig. 5). 
These are expressed on the ice surface as ridges of drift
insulated ice standing a meter or two above the surround
ing surface. Within the ice, they are thin tabular bodies of 
poorly sorted drift orientated more or less vertically and 
transverse to the valley axis; they clearly represent nearly 
vertical shear planes. That they extend unbroken from 
the ice out onto the valley walls shows that the elongated 
drift heaps melted out of the enclosing ice during an ex
tended period of virtually no flow. Considering the height 

at which some of these features lie on the valley sides 
above the present ice surface and the present (probably 
representative) rate of ablation, it is evident that there 
can have been only trivial motion during at least the last 
two decades (Brewer, 1969). 

Figure 3a shows that maximum flow velocities occur in 
an area well above the firn line, although a glacier's fastest 
flow is usually found at or near the flrn line. In a glacier 
with a narrowing valley such as Rusty Glacier has, one 
would expect the region of fastest flow to be found in a 
narrow section just below the fIm line (Shumskii, 1955; 
Sharp, 1960). The higher flow rates in the upper neve 
area do not seem to be accounted for in any obvious way 
by unusual steepness of slope, either in the ice surface or 
in the valley bottom (Fig. 2). There is a rough correlation 
between the area of greatest motion and the more easterly 
of the two areas of maximum ice thickness shown in Fig
ure 3c. Greater flow rates should be expected where sur
face slope is greater and where the ice is thicker. In this 
case, thickness seems more significant than slope, which 
is, if anything, less steep in this area than elsewhere on 
the glacier. 

The strain-rate distributions mapped in Figure 4 were 
estimated from the flow lines and velocity contours 
of Figure 3a. Positive X distance was measured 
along each flow line from its origin at the glacier's 
upper margin (Fig. 6); where a flow line crosses 
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successive veld city contours (VX 1 and Vx2 ) longitudinal 
strain-rate avx/ax equals (VX2 - Vxd/(X2 - Xd and is 
easily evaluated. 

Distances Y 1 and Y 2 are measured along the velocity 
contours (Vx 1 and Vx2 ) between two adjacent flow lines: 
transverse strain-rates, avy/ay, equal [(Y2 - Yd/(Y1 + 
Y2)J [(Vxl + VX2)/(X2 - XdJ· The values thus obtained 
are unlikely to be exact at any given point, but are suffi
ciently accurate to yield a valid picture of the general 
strain-rate pattern over the glacier as a whole (Meier, 
1960) . 

In Figure 4a, longitudinal strain-rates, the region of 
positive (extensive) values in the upper glacier corre
sponds well with the known distribution of crevasses. The 
band of greater than average negative values across the 
middle glacier indicates compression, as between flowing 
ice above and the immobile ice of the lower tongue; this 
band and the smaller, oval northernmost region of nega
tive values correspond to the unusual pattern of strongly 
emergent flow-line angles (Fig. 3b) and a basal "hot 
spot" (Fig. 3c) discussed below. 

Transverse strain-rate distribution shown in Figure 4b 
seems to correspond clearly only with the valley-bottom 
topography (Fig. 2), which shows a deep channel west of 
the glacier midline. 

The survey data show some apparent changes in flow 
rates from year to year but, because these were small and 
not clearly consistent, they are not regarded as significant. 
Alteration of crevasse pattern would ordinarily indicate 
changes in flow regime: although there were no open or 
clearly defined crevasses exposed anywhere on Rusty 
Glacier in 1967 or 1968, except a few short stretches at 
the uppermost edge of the basin where a bergschrund 
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Fig. 5. Rusty G lacier surface 
just below con fluence of 
Backe Glacier; linear drift
insulated ice ridges cross the 
ice and can be seen continu
ing as drift ridges on the 
valley wall recently aban· 
doned by the wasting 
glacier. 

would be expected, numerous, well-developed, open, 
lengthy crevasses appeared early in the 1969 season. This 
sudden and striking development would normally imply 
acceleration of extending motion. However, the previous 
winter snowfall had been lighter than average and the 
early summer ablation was unusually great in 1969 
(Brewer, 1969). Maximum extensive strain-rates near 
10-2 year- 1 (Fig. 4) show that crevasses can open no 
more than a fraction of a ineter per year at present ice 
velocities. Crevasses on Rusty Glacier must usually re
main bridged over by new snow and flrn compacting 
above them faster than they open; in the abnormal 
1968-1969 year of little snowfall and deep ablation early 
in the summer season, the bridges did not form or were 
destroyed and crevasses previously hidden became ex
posed. The abundance of "new" crevasses seen in 1969 
thus does not necessarily mark a change of flow rate. 
None was visible during the 1970 field season. 

Figure 3b shows the distribution of vertical motions of 
the ice over the three years. Almost all the measurements 
of vertical changes in the marker-pole positions are only 
a few decimeters, or even a few centimeters, too close to 
the limit of probable surveying error (ca. 0.13 m) to be 
given much consideration individually. The general pat
tern over the whole glacier is clearly consistent, however, 
and the upper glacier basin shows the downward motion 
(or negative emergence) one would expect from the flow 
paths customarily encountered in glacier ice and from the 
compaction of the flrn in which the marker poles are set 
(Meier and Tangborn, 1965). The rising of the ice (emer
gence) indicated in the middle glacier is less expected. 
The flow paths below the firn line, in other glaciers that 
have been studied, generally diverge upward from the 
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Fig. 6. Explanation of strain-rate calculations. 

surface slope of the glacier, but do not in most cases rise 
above a horizontal plane (Sharp, 1960). The immobile 
lower tongue must act as a "dam" (Nielsen and Stockton, 
1956; Nielsen, 1968, 1969), distorting usual flow paths 
(Fig. 7). The model of a surging glacier with a "source" 
area in the accumulation zone and a "reservoir" area lower 
in the glacier valley (Meier and Post, 1969) seems to fit 
Rusty Glacier admirably. Here the reservoir area corre
sponds to the part of the glacier near and below the fun 
line, where ablation and accumulation nearly balance and 
the ice that emerges by compressive flow is not removed. 
The thickness of the glacier must slowly increase in this 
area, eventually to decrease rapidly during a surge. 

Thermal studies (Classen and Clarke, 1971; Classen, 
1970) show Rusty Glacier ice to be "cold" or well below 
O°C throughout except in one restricted area (Fig. 3c). 
The low temperature of the ice increases its mechanical 
strength and precludes basal sliding and water-film lubri
cation as mechanisms contributing to total movement 
(Weertman, 1957, 1964, 1967); together with the thin
ness of the glacier, this explains the very slow flow rates 
observed (Robin, 1955, 1969). No clearly marked anom
aly in flow pattern is discernible in the area of the "hot 
spot" where the ice layers at the base of the glacier were 
found to be at the pressure-melting point. Surface veloci
ties should be greater above such an area, if it is of any 
considerable size. The warm region may be too small to 
affect surface flow, the influence of the small tributary 
entering the valley at that point may mask the effect, or 
it may simply be missed by the wide spacing between 
data points in the critical area. Classen and Clarke (1971) 
reported that geothermal flux in Rusty Glacier is signifi
cantly greater than world average. If the basal hot spot is 
an effect of progressive geothermal heating, it can reason
ably be expected to enlarge. Time would be well spent in 
future efforts to relate detailed changes in surface motion 
to the thermal anomaly here_ 

Rusty Glacier can be classified as one of the "type Ill" 
glaciers that, in general, "show small displacements which 
are, however, large relative to the glacier's size (10-30 
percent)" (Meier and Post, 1969). The ice-cored moraine 
that marks the farthest extension of the terminus at the 
end of the glacier's most recent advance is about 0.8 km 
downvalley from the lowest ice in 1967; the glacier has 
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retreated about 18% of its 1967 length since the time of 
its last advance. 

A look at the history of terminus retreat is of interest; 
photographs taken in 1939 and 1941 (Sharp, 1947; 
Wood, 1939) show the valley filled with ice to the termi
nal moraine, but no abrupt wall of ice at the glacier front 
such as is seen in the present surging Backe Glacier or in 
photographs of Trapridge Glacier and other glaciers taken 
while in an actively advancing phase. The high surge-front 
ice cliff that must have existed during surge had vanished 
by ablation prior to 1941; assuming it was initially similar 
to the ice fronts produced in the Backe and Trapridge 
Glaciers surges, it is conservative to estimate that at the 
end of its surge the Rusty Glacier toe would have stood 
at least 20 m above the 1941 level. Since the present abla
tion rate, close to 2 m/year, has probably not changed 
greatly in the past half century, at least 10 years were re
quired to bring the glacier surface down to its 1941 level. 
A reasonable working assumption is that Rusty Glacier 
last experienced a surge about 40 or 50 years ago, some
time near 1920, at least earlier than 1930. This means 
that the average rate of terminus retreat over the whole 
period must have been about 16-20 m/year, or, arbitrar
ily taking the 1967 length of the glacier as a reference, it 
shortened on the average about 0.36-0.44% per year. Be
cause there is no flow, the lower part of the glacier is re
treating rapidly at present. At the transect of marker 
poles approximately following the 2130-m contour across 
the tongue, the average yearly net ablation is 1.89 m, 
probably not far from average figure for the lower third 
of the glacier (Brewer, 1969). Projecting this ablation rate 

Fig. 7. (a) Usual pattern of fl ow lines in glacier ice; flow lines 
diverge upward from sloping glacier surface (arrows) but no\ at 

so grea t an angle (emergence angle) as to rise above a horizontal 
plane. (b) Schema tic representation of the flow -line pattern in 
Rusty and Trapridge Glaciers: the imm obile lower tongue ap
pears to act as a dam. diverting fl ow lines morc sharply upward. 
incrcasing the emergence angl ~ and dive rging upward from the 
horizontal. 
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back 40 years implies that a thickness of as much as 75 m 
of ice must have wasted out of the lower valley since the 
last surge. This surge is not really consistent with the po
sition of edge moraines presumably formed at the time 
Rusty Glacier last advanced (they are found 10-40 m 
above the present ice surface) unless one makes the rea
sonable assumption that flow continued into the upper 
tongue after the toe stopped advancing, as has been ob
served to happen in lower Steele Glacier after its 1965-
1966 surge (Stanley, 1969; and A. D. Stanley, personal 
communication, 1969). It must also be taken into account 
that the surface of a newly surged glacier tongue char
acteristically stands an additional 10 or 20 m above its 
edge moraines. Also, photographs taken in the early 
1940's indicate that Backe and Rusty Glaciers both 
surged at nearly the same time to form the decaying surge 
tongue still filling the lo~er valley at that time. The stag
nant ice wedge comprising the lower tongue continues 
thinning and the glacier terminus has retreated during the 
1967-1970 period of study at a rate of about 56 m/year, 
or about 1.25% of the 1967 length per year (Brewer, 
1969). This is about triple the 16-20 m/year average rate 
for the whole time since the end of the most recent surge. 
The rate of retreat should increase as the thick bulk of a 
surged terminal lobe melts. Upvalley retreat of the ice 
can begin only after most of its original thickness has dis
appeared-(Fig. 8). In the case of Rusty Glacier, projection 
of the present rate of retreat implies that the glacier will 
lose more than another 0.5 km, or about another 13% of 
its 1967 length, if wastage continues uniformly for an
other decade. Two decades of shortening at the present 
rate would bring the terminus to an altitude where flow 
is detectable in the ice; presumably the glacier could be 
in equilibrium at this length, barring another surge. Since 
glaciers that surge seem characteristically not to shift to 
an equilibrium mode of flow (Meier and Post, 1969), it 
seems probable that the next period of active surge in 
Rusty Glacier should be expected within a decade. 

Backe Glacier 

Throughout the Rusty Glacier study Backe Glacier has 
been in a phase of active advance, its tongue a steep-

Fig. 8. After a glacier tongue has stagnated following a surge, 
successive equal intervals of ablation produce regular lowering 
of the glacier surface (S, to S4); the terminus, however, recedes 
much iess during the first interval ("I", to T,) than during the 
second and third (T, to T 4)' 
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fronted lobe 20-30 m high pushing out onto the west 
side of lower Rusty Glacier, along a section about 800-
::'300 m above the Rusty Glacier terminus (dotted outline 
on Fig. 2). The entire lower two-thirds of Backe Glacier 
is cut by an intricate pattern of close-spaced crevasses 
and gives the impression of having slid out of the middle 
and upper valley, bulging out at the toe in a manner al
most analogous, although on a larger scale, to the 
"slumps" or "slope failures" familiar in the context of 
geological processes affecting weak rock and soil masses 
on steep slopes (Fig. 9). 

Backe Glacier had apparently been advancing for a 
number of years before 1967; its "surge" probably began 
about 1963. Because of the extended period of this phase 
of relatively rapid flow and extension, it is classified as a 
questionable or borderline example of a surge (Meier and 
Post, 1969). Very few direct measurements have been 
made on it. In July 1967, two triangulations on a con
spicuous pinnacle at the eastern margin of the lobe, made 
about two weeks apart, indicated that the Backe Glacier 
ice front at that point was moving nearly due east at 
about 20 cm/day. In late July 1968, a marker pole was 
set at about E537225, N6786815 on the southeastern 
lobe margin. By mid-June 1969, the pole had moved to 
E537249, N6786815, or about 24 m farther east, an 
average rate of about 7 cm/day. Measurements made in 
1970 indicate that the northward component of motion 
(down the Rusty valley axis) was about 20-40 cm/day at 
the northern margin of the terminal surge front. No defi
nite conclusions can be reached from these scattered data, 
beyond that the Backe lobe is still active and that the 
largest component of its motion now seems to be north
ward down Rusty valley. 

In 1970 at least five small crevasses appeared crossing 
the Rusty Glacier tongue just upstream from the Backe 
Glacier confluence (Fig. 10) where none had existed be
fore. One was more than 40 cm wide and deeper than 10 
m; other measurements were not made. Eastward motion 
of the single marker pole located in the disturbed area in
dicates that the crevasses have formed in response to 
cross-valley pressure from the advancing Backe Glacier 
tongue. The Backe Glacier lobe had almost completely 
crossed the Rusty Glacier tongue in 1970, so further 
motion, if any, should be primarily toward the north. 

Trapridge Glacier 

Trapridge Glacier also flows into the Rusty Glacier 
valley from the west. 

Photographs taken in 1939 (Wood, 1939) show a rela
tively smooth surface on the middle and lower Trapridge 
Glacier with some crevasses. Either the glacier was not in 
surge then, or surge activity had only very recently begun. 
1941 pictures (Sharp, 1947) show extensive crevassing on 
the lower glacier and a steep ice cliff surge-front just 
above the confluence with the Rusty Glacier valley; the 
glacier was evidently then in an active advancing phase. 
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1945 aerial photographs show the lower two-thirds of 
Trapridge Glacier extensively crevassed and chaotically 
broken up, even more so than is the present Backe Gla
cier surface. The tongue extended out into Rusty Glacier 
valley and terminated in a formidable ice cliff. By 1967 
there were no open crevasses on the lower half, indicating 
that the tongue had been essentially inactive long enough 
for ablation to have removed the crevassed ice that had 
previously formed the near-surface fracture zone during 
the surge (Fig. 11). 

267 

Fig. 9 . Backe Glacier as seen 
from a point near survey sta· 
t ion HK (see Fig. 13). 

Fig. 10. New crevasses that 
appeared in the Rusty Glacier 
ice early in 1970 just above 
the extending Backe Glacier 
tongue. 

The general features of Trapridge Glacier are very simi
lar to those of Rusty Glacier; length and area are about 
the same, slope is somewhat greater, and the upper limit 
of the altitude range is a little higher, as is the upper part 
of the accumulation area. Exact figures for these param
eters are not available because the glacier has not been 
accurately mapped at a large scale. 

Figure 12a, showing its general shape and topography, 
is sketched from an aerial photograph and subjectively 
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Fig. 11. Trapridge Glacier as it appeared in 1967. No crevasses remain from the last preiod of activity in 1945. As much as 45 m of ice 
has probably ablated from the tongue in this interval. 

adjusted to a rough fit with the surveyed points plotted 
on a UTM ~id; contours were sketched from marker
pole altitudes and subjective evaluation of surface mor
phology revealed on the photograph. Accuracy is poor, 
but sufficient for the immediate purpose of this paper. 
Since this glacier is within the Rusty Glacier survey net 
and i; accessible on foot, but is in a different phase of its 
surge cycle, a survey of 26 marker poles (Fig. 12a) was 
begun in 1969 and repeated in 1970. Unlike Rusty Gla
cier, maximum flow rates are found in the middle glacier 
near the firn line and are considerably faster, as much as 
20.5 m/year (Fig. 12b). Strikingly similar to the pattern 
of Rusty Glacier, the lower 1.3 km is almost completely 
stagnant and a region of unusually strong emergence, 
where flow lines diverge upward from the horizontal at 
large angles, lies between the stagnant lower tongue and 
the middle zone of most rapid flow. As in Rusty Glacier, 
the boundary zone between the active and stagnant ice is 
clearly marked by a relatively narrow band of sharply in
creased compressive longitudinal strain-rates (Fig. 12c); 
this corresponds to a band of sharply increased slope 
across the glacier, suggestive of a kinematic wave front. 
Only further surveillance could identify it as such. 

Although Trapridge Glacier has surged more recently 
than Rusty Glacier, its greater present activity makes it 
seem at least as likely to enter an active phase soon. The 
rate at which ice is flowing into its reservoir area seems 
certainly greater than in Rusty Glacier; it must recover 
to the active part of its cycle in a shorter time. Its slightly 

higher accumulation area may keep it comparatively bet
ter nourished than Rusty Glacier, especially during the 
recent decades of general glacier retreat. It is unfortunate 
that ice thickness and temperature data have not been 
taken on Trapridge Glacier. 

Summary 

I. Flow rates in Rusty Glacier are very slow, 0-5 m/ 
year, faster in Trapridge Glacier, up to 20 m/year. 

(a) The lower third of both the Rusty and Trapridge Gla
ciers is essentially stagnant and has been so for at least two 
decades in the case of Rusty Glacier. 
(b) The largest flow rates of Rusty Glacier are found in the 
upper eastern part of the accumulation basin, rather than 
near or below the firn line where fastest flow is usually 
found. Flow in Trapridge Glacier is most rapid near the frrn 
line. 
(c) The variation in flow rate between different parts of 
Rusty Glacier does not seem clearly related to valley-bottom 
topography, but does seem to correlate fairly well with the 
pattern of variations in ice thickness. 
(d) Areas of highest flow rates in Rusty Glacier do not seem 
to correlate straightforwardly with the "hot spot" or area of 
the glacier bottom at the pressure-melting point. 

(1) Thermal measurements showing that the bulk of the 
glacier is probably frozen to its bed help explain the very 
slow flow rates. 
(2) Unusually high rates of geothermal flux indicated by 

thermal measurements may be significant in the mechan
ism of surge flow; further thermal measurements should 
be made and correlated with peculiarities in flow pattern. 
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Fig. 12. (a) Trapridge Glacier ; approximate topography and 10-
eation of surveyed points. (b) Horizontal motion and pattern of 
emergence; contours (dotted where estimated) represent amount 
of horizontal motion in 1969-1970, in meters; heavy dashed line 
represents zone of zero emergence; areas of negative and positive 
emergence are designated and stippling shows the area where flow 
lines diverge upward from the horizontal. (c) Distribution of lon
gitudinal strain-rates; heavy dashed line represents zone of zero 
strain; negative values indicate compression, positive, extension; 
contour units are 10- 3 year-! 

11. There is no significant evidence that the rate of 
flow is changing except in a limited area affected by the 
advance of the Backe Glacier tongue into lower Rusty 
Glacier valley. 

(a) Many crevasses appeared in the upper Rusty Glacier basin 
in 1969 where none was visible before. This was probably the 
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result of uncovering by an unusually low winter snowfall and 
the unusually early and warm ablation season. 

Ill. The survey results reveal rather clearly differen
tiated "source" and "reservoir" areas such as Meier and 
Post (1969) described in other surging glaciers-in upper 
and middle Rusty Glacier, respectively. 

(a) In both Rusty and Trapridge Glaciers, "emergence," or 
upward motion of the flowing ice, is greater than reported 
elsewhere, in that the emergence angles rise above the hori
zontal plane over a considerable area in the middle glacier. 

IV. Wastage rate of the lower glacier tongue and ter
minus retreat rate indicates that Rusty Glacier is in the 
last stages of its phase of recession; a surge in the rela
tively near future seems likely. 

(a) Trapridge Glacier may be nearing onset of surge activity 
more rapidly than is Rusty Glacier. 
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APPENDIX 

PART A 

UTM COORDINATES AND GROUND ALTITUDES OF OBSERVATION STATIONS (FIGS. 12, 13) 
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Fig. 13. Numeration of marker poles on Rusty Glacier. For 
marker-pole numeration on Trapridge Glacier, see Figure 12a. 

Station Easting Northing 

CL 538,059.9 6,783,971 .1 
PH 539,452.8 6,784,751.5 
ON 537,238.6 6,785,607.0 
AL 538,799.8 6,785,808.5 
FX 536,980.7 6,786,371. 7 
GE 538,608.8 6,786,388.6 
SE 537,809.8 6,786,698.6 
NW 537,727.0 6,786,764.3 
AY 537,546.7 6,787,041.9 
TM 537,841.5 6,787,376.3 
HK 538,361 .8 6,787,497.2 
TO 537,883.6 6,787,531.3 
PO 534,954.5 6,788,008.9 
AN 534,905.8 6,788,080.2 
TN 534,874.6 6,788,135.6 
LN 536,215.4 6,788,600.0 

Altitude 

2,546.4 
2,663.4 
2,449.5 
2,572.5 
2,410.3 
2,509.1 
2,235.2 
2,232.4 
2,155.8 
2,186.2 
2,358.3 
2,161.9 
2,522.0 
2,534.7 
2,544.0 
2,347.7 
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PARTB 

UTM COORDINATES AND AVERAGE ANNUAL MOTION DATA FOR MARKER POLES (FIG. 13) 

E 70 , N 70 , and A 7 0 are Universal Transverse Mercator easting, northing and altitude, respec-
tively. Vh and Vz are average annual motion in the horizontal and vertical direction, respec-
tively , in meters. Dir. is the map direction of the horizontal motion, in degrees clockwise from 
north. E is the angle of emergence (angle between flow line and glacier surface) in degrees. 

MP No . E70 N70 A70 Vh Dir. Vz E 

2EO.5 537,639.2 6,787 , 764.1 2,029.7 N/S N/S 
2 537,593.7 6, 787 , 781.4 2,025.9 N/S N/S 
3 537, 520.9 6, 787, 537.2 2,059.2 N/S N/S 
4 537,532.4 6,787,414.0 2, 079.1 N/S N/S 
5 537, 503.9 6,787,317.2 2, 098.3 N/S N/S 
6El 537,576.2 6, 787, 195.8 2,117.6 N/S N/S 
6EO.5 537,524.5 6,787, 210.0 2,118.1 N/S N/S 
6 537,475.7 6,787,222.0 2,114.7 N/S N/S 
7EO.5 537,500.5 6,787,116.6 2,131 .2 N/S N/S 
7 Overwhelmed by Backe Glacier 
8 Overwhelmed by Backe Glacier 
10 537, 474.6 6, 786, 830.9 2, 157.2 2.50 081 +2 .18 +048 
12El 537, 589.5 6, 786,656.7 2,182.3 N/S N/S 000 
12 537, 496.0 6, 786, 629.9 2, 184.4 N/S N/S 000 
12Wl 537,398.4 6, 786, 600.5 2, 187.2 0 .60 035 +0.20 +025 
12W2 537,302.1 6, 786, 570.9 2, 194.0 N/S N/S 000 
14 537,534.8 6 , 786, 433.0 2,217.8 N/S N/S 000 
16E2 537,795.5 6, 786, 330.2 2, 243.6 N/S N/S 000 
16El 537,705.6 6, 786, 289.9 2,245.9 N/S N/S 000 
16 537,615.9 6,786,247.1 2,246.2 N/S N/S 000 
16Wl 537. 525.9 6, 786, 209.2 2,254.2 1.65 019 +0.19 +016 
16W2 537,437 .2 6, 786, 169.1 2, 266.9 2 .14 015 +0.19 +016 
18 537, 672.4 6, 786, 050.7 2,268.0 N/S N/S 000 
20E3 538,013.5 6, 785, 950.3 2.312.4 N/S N/S 000 
20E2 537,918.2 6, 785, 919 .2 2, 3G3.2 0 .23 000 N/S +009 
20El 537, 826.1 6, 785, 890.4 2,297.7 N/S N/S 000 
20 537, 725 .6 6, 785, 857.4 2, 292 .2 0 .66 346 +0.11 +015 
20Wl 537,637 .1 6, 785, 829.6 2, 287.4 0 .52 333 +0 .17 +024 
20W2 537, 541 .8 6, 785, 801 .8 2, 285.6 1.06 354 +0 .17 +013 
22 537,782.9 6, 785, 668.0 2,319.1 1.25 337 +0.24 +019 
22Wl1 536,711.6 6, 785, 634.6 2 , 506.9 One observation only 
24E6 538,422.4 6,785,633.7 2,421.9 0.20 303 N/S +010 
24E4 538,225.5 6, 785, 569.9 2 , 391.6 0 .53 323 N/S +011 
24E2 538, 032.9 6, 785, 508.3 2, 373.5 1.96 319 - 0 .10 +004 
24 537,844.5 6, 785,450.9 2, 352.3 2.27 326 +0.40 +016 
24W2 537, 652 .8 6, 785, 390.5 2, 351 .8 2.30 343 N/S +011 
24W4 537,467 .0 6 , 785, 322.7 2, 388.2 0.60 000 - 0 .24 - 004 
26 537,899.8 6, 785, 260.4 2,382.3 2 .10 325 +0 .30 +005 
26W6 537,341 .9 6 , 784, 917.6 2,488.2 1.52 048 - 0.88 - 017 
28El0 538,858.0 6, 785, 504.4 2,495.0 N/S N/S 000 
28E8 538,680.1 6, 785, 420.9 2, 471 .8 1.90 286 - 0.10 +007 
28E6 538, 497 .3 6, 785, 329.5 2,441 .6 2 .27 292 - 0.03 +010 
28E4 538,311 .6 6, 785, 242.2 2,427 .1 2.47 308 0 .00 +007 
28E2 538,128.6 6, 785, 155.7 2, 423 .1 2 .47 319 - 0 .53 - 003 
28 537,952.6 6,785,069.7 2,422.8 2 .13 328 - 0.14 +005 
28W2 537,770.0 6, 784 , 980.0 2,420.0 2 .30 348 +0.60 - 001 
28W4 537, 598.3 6, 784,893.1 2,448.2 1.61 036 - 0.17 +005 
30El0 538,910.6 6, 785,229.8 2,511.8 3.10 287 - 0.60 - 004 
30 538,007 .8 6 , 784, 878.0 2,450.7 1.74 320 - 0 .62 - 013 
32E15 539, 385.4 6,785,147.2 2, 598.3 N/S N/S 
32E12 539,213.2 6, 785, 089.2 2,554.9 1.20 306 - 0 .80 - 028 
32El0 538, 959.8 6, 785, 008.6 2,549.2 3 .20 326 - 0.73 - 001 
32E8 538,774.3 6, 784, 939.2 2,527.0 2 .66 307 - 0 .80 -007 
32E6 538, 602.9 6,784,877.1 2,495.9 1.98 304 - 0.67 - 009 
32E4 538, 422.6 6, 784,814.5 2, 488.2 2 .67 292 - 0.28 000 
32E2 538,243.5 6, 784, 749.8 2,472.6 2.35 304 +0 .07 +006 
32 538,065.6 6, 784,683.4 2,463.0 1.97 320 +0.12 +011 
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MP No. E70 N70 A70 Vh Dir. Vz E 

32W2 537, 882.9 6,784,614.2 2,468.3 1.06 356 - 0.13 000 
32W4 537,696.8 6, 784, 541 .6 2,487.3 0.43 017 - 0.17 - 013 
34E12 539,205.7 6, 784,885.6 2,566.7 1.97 315 - 0 .33 -002 
34E10 539,014.7 6, 784, 834.6 2, 567 .7 2.78 329 - 0 .16 - 014 
34E8 538,827.9 6, 784, 759 .8 2,561 .6 2 .28 303 - 0 .07 +001 
34 538,122.0 6,784,494.8 2,475.2 0 .83 328 0 .00 +004 
36E6 538, 730.2 6, 784, 432.5 2, 553.5 4.00 292 - 1.16 -004 
36E4 538, 546.7 6, 784, 387.9 2,523.8 1.98 288 - 0 .30 - 002 
36E2 538, 364.9 6, 784, 345.3 2,502.6 0.49 291 - 0.34 - 027 
36 538,178.9 6, 784, 304.1 2, 486 .6 0.31 001 - 0 .05 - 009 
36W2 537,995.3 6, 784, 259.6 2. 512.6 0 .75 358 - 0.42 - 022 
A 537,137 .7 6, 788, 134.6 2,064.6 N/S - 0 .02 N/S 
B 536,987.4 6,788,071.4 2,080.8 N/S - 0 .08 N/S 
C 536,628.8 6,787,956.9 2,155.9 0.36 120 - 0.01 +009 
0 536,452.7 6, 787, 873.7 2,190.0 0 .58 105 +0.36 +038 
E 536,279.4 6,787 , 817.4 2,226.9 0.36 112 +0.30 +053 
F 536,110.8 6,787 , 762.7 2,272.8 0.51 005 +0.17 +032 
G 535,933.4 6, 787, 723.1 2,310.6 5 .58 079 +1.34 +027 
G1 535,955.5 6, 787 , 857.8 2,300.3 14.3 102 +0.28 +014 
G2 535,939.6 6, 787 , 598.4 2, 309.5 5 .95 086 +0.67 +021 
G3 535,936.0 6, 788, 014.9 2,302.1 N/S - 0 .84 - 090 
G4 535, 944.1 6, 787 , 466.1 2, 308.8 7.78 094 +1.45 +025 
H 535,776.2 6, 787, 701.6 2,357.9 11 .77 070 - 0 .17 +006 
I 535,600.1 6, 787 , 688.8 2,382.8 14.81 072 - 0.92 +008 
J 535, 410.8 6, 787 , 657 .6 2,413.9 17.34 076 - 1.18 +008 
K 535,228.1 6, 787, 628.3 2,453.3 19.63 077 - 4 .34 000 
L 535, 145.6 6,787,638.6 2,475.3 20.54 089 - 2 .10 +003 
M 534,968.7 6, 787, 807 .3 2,498.1 16.92 087 - 1.20 +001 
N 534,659.2 6, 788, 063.7 2,535.7 6 .28 131 +0.29 +005 
0 534,419.1 6,788, 107.5 2,581 .1 11.22 103 -1.24 +002 
P 534,527.0 6, 787,776.1 2,539.4 12.99 090 -3.88 -005 
R 534, 737 .5 6, 787, 849.8 2,514.8 j 1.95 076 - 0.05 +003 
S 534,832.2 6, 787, 064.1 2,591 .6 6.47 090 -1.28 -006 
T 534,417.0 6, 787, 576.0 2,555.4 9.72 090 - 0 .97 - 015 
U 534,025.3 6, 788, 197.9 2, 664.8 One observation only 
V 534, 390.4 6, 787, 183.0 2, 689.6 3.22 046 -0.68 - 007 
X 536,379.5 6, 787, 433.5 2,233.6 One observation only 
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Mt. Logan Survey, 1968 
C. Holdsworth * 

A BSTR ACT. A value fo r the height of the north peak of Mt. Logan is given. Survey data indicate that the 
currently acce pted values for the heights of the principal peaks of Mt. Logan may be too high by about 100 m. 

Introduction 

The currently accepted value for the height above sea 
level of Mt. Logan's highest peak (6050 m; 19,850 ft) 
has remained officially unquestioned since 1918. This 
value was evidently determined from three intersecting 
rays originating from the east end of the 1913 Inter
national Boundary Commission survey (International 
Boundary Commission, 1918). 

The purpose of the survey reported here was to estab
lish height control on the Logan massif with a view 
toward checking the height of the main peak. Four mem
bers of the Institute of Polar Studies, The Ohio State 
University, made survey observations on and adjacent to 
Mt. Logan between June 13 and June 18, 1968. Suffi
cient observations were made on which to base statements 
concerning the heights of four of the peaks of Mt. Logan. 

Survey Operation 

In order to make use of existing survey work, two sta
tions on the end of the 1913 International Boundary 
Commission survey line were selected as suitable points 
to be reoccupied and observed from one or more stations 
located on the Logan massif itself. In order to deal with 
the large and often varying refraction over a height dif
ference of up to 10,000 ft (approx. 3000 m) it was in
tended that reciprocal, simultaneous vertical angles 
would be observed. For this reason, radio communica
tion was necessary. On June 4, G. Holdsworth and T. J. 
Hughes were flown into "King Trench" (10,900 ft by 
aircraft altimeter). From there the ascent of the moun
tain was begun with two other parties. For a description 
of this ascent see LaBelle (1969). D. N. Peterson and J. 
F. Lindsay were flown onto the Logan Glacier near the 
International Boundary Commission station LOW on 
June 7. On June 12 peak LOW was climbed and a 4.5-m 
aluminum target was erected on the summit. Because the 
ascent was difficult the party did not reascend the peak 
later with survey equipment. Instead, a series of observa
tions were made from a temporary s-tation on the Logan 

*Institute of Polar Studies, The Ohio State University, Colum
bus, at time of survey; present address: Department of Environ
ment, Ottawa, Canada 
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Glacier. At this stage it was decided that International 
Boundary Commission station SHARP would be reached 
by helicopter. Travel was made difficult by the presence 
of wet, soft, snow conditions. 

On June 13, the Mt. Logan party reached the plateau, 
having descended to about 17,300 ft (5300 m) in order 
to camp near the landing strip. On the 16th, the survey 
equipment was flown in . Suitable weather conditions oc
curred late on the 17th for Holdsworth and Hughes to 
occupy North Peak (Fig. 1). At 1900 hrs, when the sur
vey began, the temperature was -9°F (-23°C) with a 10-
knot wind. The Logan Glacier party occupied the glacier 
station. Due to radio failure and poor lighting conditions 
toward the glacier, a reciprocal ray between North Peak 
and the glacier station was not achieved. From North 
Peak, single rays were observed to SHARP, LOW, LU
CANIA (Mt. Lucania), STEELE (Mt. Steele), WALSH 
(Mt. Walsh), LOGAN EAST (East Peak), LOGAN HIGH 
(main summit), and LOGAN WEST (West Peak). In some 

SO· 40' 

/ 
/ 

I 
K> 12 Km 

>0' 25' 20' ,.' 
Fig. 1. Map of Mt , Logan massif derived from map sheet MCR 7 , 
Centennial Range (Department of Energy , Mines and Resources, 
Canada , 1967). Names of the peaks of Logan massif are unoffi-

cial. (See also Fig. 8, p. 7 of this volume.) 
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TABLE 1 

Station Latitude Longitude Altitude 
(North) (West) (m) 

SHARP 60° 50'58.584" 140° 43' 11.593" 2680 
LUCANIA 61 01 17.739 140 27 53.605 5228 
LOW 60 4934.142 140 2544.576 2645 
STEELE 61 05 35.200 140 1832.600 5069 

cases (WALSH and SHARP), only one face was observed 
because cloud cover obscured the peaks on the second 
round of observations. The left and right vertical angles 
onto LOGAN HIGH do not agree and, therefore, have 
been rejected. All other horizontal and vertical angles are 
derived from face right and left values. Increasing cloud 
and wind with decreasing temperatures forced a retreat 
from North Peak at 2045 hrs. A rock cairn was left on 
the highest point. 

Because of a prior commitment and inferior weather, 
the author was unable to continue the survey, and left 
the plateau camp on June 20. 

Reduction of survey data. The position of North Peak 
was determined by resection using the angular data for 
rays to SHARP, LUCANIA, LOW, and STEELE. The 
computer program GALS (Geodetic Adjustment by 
Least Squares) developed by the Geodetic Survey (Cana
dian Department of Energy, Mines and Resources) was 
used to compute the coordinates of North Peak station 
using coordinates of Table 1 for the observed stations 
(1927 North American Datum). These values differ from 
the values (where available) given in the International 
Boundary Commission Report (1918). The coordinates 
determined for North Peak are: 

The error was determined by the error ellipse. Additional 

G. HOLDSWORTH 

TABLE 2. Survey Measurements, Relative to North Peak 

Calculated Measured 
Station Adjusted azimuth distance vertical 

(m) angle 

SHARP 334° 35'52" 28,798 -{)5° 49' 19 ± 30" 
LUCANIA 0015415 45,182 -00 34 59 ± 30 
LOW 008 2509 23,635 -{)7 0728 ± 15 
STEELE 0103332 54,055 -00 4339 ± 30 

results are shown in Table 2. The vertical angles have 
been used to calculate height differences between North 
Peak and the other summits. The combined curvature 
and refraction correction used is: 

r = cD2 

where r is the correction in meters, D is the distance in 
kilometers, and c is the coefficient taken as 0 .065. This 
value of c is taken from Brecher (1966) and appears to 
be appropriate. The correction for the deflection of the 
vertical has been neglected. The results of the height cal
culations are shown in Table 3. An additional check on 
the reliability of the vertical angles is provided by the 
ray to Mt . Walsh (Table 4) . This gives a derived height for 
WALSH of 4500 m (14,760 ft) which is close to the 
photogrammetrically determined one (14,780 ft). 

Data relating to major peaks of Mt. Logan. Because no 
triangulation was developed from North Peak and be
cause no distances could be measured to the peaks above 
19,000 ft (5800 m) all distances have been scaled off the 
map (MCR 7). This procedure is acceptable provided the 
accuracy of the distance measured is stated. Scaling (with 
a Gerber variable scale) was tested on several of the 
known lengths (Table 2) and it was found that distances 
could be read to an accuracy of ±100 m. Table 5 shows 
the results of the observations to the major peaks. 

TABLE 3 

Difference in height 
Derived height between station and r Corrected 6Z 

Station North Peak (6Z) (m) (m) of North Peak 

(m) (m) 

SHARP 2936 53.9 2882 5562 
LUCANIA 459 132.7 326 5554 
LOW 2954 36.3 2918 5563 
STEELE 686 189.9 496 5565 

mean 5561 
NORTH PEAK Height of station = 5560 ± 5 m (18,240 ± 15 ft) 

TABLE 4 

Vertical angle 
Distance (seal ed 

from North Peak 6Z Corrected l!..Z 
Station 

(corrected for 
off Map MCR 7) (m) (m) (m) 

missing face L) (m) 

WALSH -{)1°23'34" 50,040 1225 165 1060 
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TABLE 5 

Vertical angle Distance 
Azimuth from 

Peak North Peak 
from North Peak (m) (unadjusted) 

East +020 22'48" 8250 1230 51'35" 
West +03 5815 5250 142 4937 

Calculated Corr. tlZ Height (above 
tlZ sea level) 

East 342 m 4.4 346 m 5906 ± 15 m 
(19,370 ± 50 h) 

West 364 1.8 366 5926 ± 15 m 
(19,440 ± 50 h) 

Discussion of Results 

The height of North Peak has been derived from four 
separate vertical angles to peaks of established height. A 
fifth but less reliable ray to WALSH still confirms the 
closeness of the values, which are not greatly affected by 
the relative roughness of the calculated coordinates. 

MacCarthy (1952) describes a double peak of height 
19,800 ft (6035 m), from which his party saw the main 
peak about "two miles away" and judged it from clinom
eter readings to be "100 ft or more higher" than they 
were. Carpe (1925) gives the elevation angle from the 
main summit to West Peak as 50 ± 5 minutes. The dis
tance is 2200 ± 100 m; therefore the height difference is 
about 32 ± 5 m, or about 100 ft. Since the height of the 
main peak was still accepted as being 19,850 ft, this 
meant that the height of the double peak would be 
about 19,750 ft;.MacCarthy (1925) rounds it to 19,800 
ft. The double peak is now known as West Peak and is 
roughly the same height as East Peak. 

I t is not known where the height of 19,700 ft, at
tributed to both East and West Peaks (LaBelle, 1969), 
comes from. We have established that these peaks are 
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approximately 19,400 ft high; therefore, according to 
our data and the measurements of Carpe (1925), the 
height of the main peak cannot be substantially more 
than about 19,500 ft (5945 m). This is in agreemen t 
with the results of a survey conducted by Waiter Wood 
in 1948-1949 (pp. 277 -279, this volume). Therefore, it 
appears that the height of Mt. Logan as determined in 
1913 may be too high by more than 350 ft (100 m). 

A completely new survey, designed to settle this ques
tion definitively, will be attempted in 1974 or 1975. 
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(AMERICAN GEOGRAPHICAL SOCIETY- 1974) 

A Suggested Revision in the Height of M t. Logan 

Waiter A . Wood* 

In his paper "M. Logas Survey, 1968" (pp . 273-275, 
this volume), G. Holdsworth refers to the close agreement 
between his derivation of the height of Mt. Logan and 
the results of my own observations of 1948 and 1949. 
The significance of this agreement lies not so much in 
the relative accuracy of the two independent surveys, 
but in the strong suggestion that the summit of Mt. 
Logan, Canada's highest mountain, is lower by some 90 m 
than the height ascribed to it by the International 
Boundary Commission survey of 1913 (reported in 1918). 

Survey of 1948 and 1949 

In 1948 and 1949 a semi-rigid network of eleven sur
vey stations was developed within the watershed of the 
upper Seward Glacier as a part of the Arctic Institute's 
Project Snow Cornice (Wood, 1948). The Mt. Logan 
massif dominates the northern margin of this glacier 
reservoir throughout a distance of some 25 km. Mt. 
Logan's true summit and East Peak! are both visible 
from the eastern half of the glacier surface, an area with 
which Project Snow Cornice was primarily concerned. 

The survey network was expanded from a sub tense 
baseline by intersection and resection of occupied sta
tions. Rays to the summit of Mt. Logan were obtained 
from seven of the eleven stations occupied. East Peak 
was observed from five. West Peak,! to which vertical 
angles were observed by Holdsworth, was not a target 
from any of the Seward Glacier stations. Table 1 gives 
the computed differences of elevation (~) between 
stations of the survey network and Mt. Logan's summit 
and East Peak. 

TABLE 1 

Station and year 6Z 6Z 

of observation Mt. Logan summit East Peak 
(m) (m) 

A (1948) 4111 4049 
AA (1949) 4096 4024 
BB (1949) 4337 4274 
N (1948) 4215 
D (1948) 3865 3806 
G (1948) 3844 
M (1948) 4162 

• American Geographical Society 
I Unofficial name. See Figure 8, p. 7 of this volullle. 
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The survey was based upon a rectangular coordinate 
system of arbitrary origin at Station N. All elevations 
were referred to this datum until the height of Station 
N could be established. There being no practical manner 
whereby points at sea level could be instrumentally re
lated to the Seward Glacier network, the vertical datum 
for the survey had to depend upon elevations assigned 
to prominent features visible from the network stations. 
These , in almost all cases, were summits surveyed by the 
International Boundary Commission survey in 1906 and 
1913. Resections from six such summits gave inconsis
tent results- the most glaring of which was the height of 
Station A as determined from the accepted height of the 
summit of Mt. Logan, (6050 m; 19850 ft). It was this in
consistency that led to Dr. Holdsworth's paper and my 
own. 

Fortunately, the elevation of one summit was indis
putable; that of Mt. St. Elias at 5489 m (18008 ft). Rays 
to this peak were observed from six stations and a height 
for Station A of 1845 m was accepted as being the most 
reliable since Mt. St. Elias had been observed from that 
station more than twenty times during two field seasons 
and under widely differing meteorological conditions. 
Table 2 shows the departures from the accepted value 
for Station A as obtained from the other five stations. 
By introducing the accepted height of Station A into the 
survey network the station elevations given in Table 3 
are derived; these, when applied to the ~ values of 
Table 1, provide elevations above sea level for Mt. Logan 
and East Peak. 

Conclusions 

Holdsworth found himself unable to accept as valid his 
observed vertical angle to the summit of Mt. Logan from 
North Peak;! my own survey did not include rays to 
West Peak, which was observed by Holdsworth. The only 
target common to both surveys, then, was East Peak; for 
this point Holdsworth gives an elevation of 5906 m. My 

Station and year 
of observation 

AA (1949) 
N (1948) 
Q (1949) 
G (1948) 
K (1949) 
D (1948) 

TABLE 2 

Departure from 1845 m 
(accepted height of Station A) 

+7 
o 

- 3 
+6 
+1 
- 2 
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TABLE 3 

Station A AA BB N 0 G M 

Z of station = 1845 1866 1616 1741 2089 2116 
/:;Z Mt. Logan = 4111 4096 4337 4215 3865 3844 -- --
Z Mt. Logan = 5956 5962 5953 5956 5954 5960 

Mean value = 5957 m for Mt. Logan 
-- -- -- -- --- --
Z of station = 1845 1866 1616 1741 2089 2116 1735 
/:;Z East Peak = 4049 4024 4274 3806 4162 -- ----
Z East Peak = 5894 5890 5890 5895 5897 

Mean value = 5893 m for East Peak 

own work gives a mean value of 5893 m. Holdsworth as· 
signs a probable error of ±15 m to his semigraphically 
determined value and this I feel to be generous. Con
sidering the relatively short ray (8000 m) from North 
Peak to East Peak as well as the low vertical angle 
(21/3°), an error of 5 m would seem acceptable unless 
severe weather at the observing station would justify a 
higher value. Under largely ideal conditions I consider 
my figure for the elevation of the East Peak to be sub
ject of no more than a ±5 m probable error. 

My own survey and that of Holdsworth have inherent 
strengths and weaknesses. My conclusions have the ad
vantage of multiple rays with a maximum departure 
from mean values of only 5 m. The weakness, however, 
lies in the vertical datum of the network which depends 
on a single reference point, Mt. St. Elias. Holdsworth's 
strength lies in his excellent resection of the summit of 

WALTER A. WOOD 

the North Peak from four fixed points; but his weakness 
is the estimated distance from that point to East Peak 
and the use of only one vertical angle. 

Both surveys must be considered to be of an order ex
pected of good reconnaissance mapping. Indeed, the in
dependently obtained values for the height of East Peak 
bespeak reliable field work. However, in the absence of a 
figure from Dr. Holdsworth's observations from North 
Peak, a value for the height of Mt. Logan's true summit 
must depend upon my survey. 

The Seward Glaicer rays from seven stations give a 
mean value of 64m for the difference of elevation be
tween East Peak and the summit of Mt. Logan. I suggest 
that until further field work shall establish a reliable 
value for the height of Canada's highest point, the ele
vation 0 f East Peak be accepted as the mean of Holds
worth 's and my results, that is 5900 m (19358 ft) . This 
would result in an elevation of 5964 m (19586 ft ) for 
the summit. 

Refer~nces 
In te rnational Boundary Commission (1918)Joint R eport Upon 
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Between the United States and Canada A long the 141st Merid
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with the provisions of Article IV of the Convention sigrled at 
Washington A pril 21 , 1906, pp. 80- 99, Dept. State, Washing· 
ton. 

Wood, W. A. (1948) Project "Snow Cornice," A rctic, 1,107-
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Soils and Patterned Ground in the Chitistone Pass 

Region of Alaska 

Richard W. Scott* 

ABSTR.4CT. Based on field observations and reconstructed profiles, a drainage eaten a for alpine soils of 
the Chitistone-Skolai region is outlined. Soils are typically shallow with abundant evidence of frost distur
bance, especially where saturation occurs during the early part of the melt season. Patterned-ground features 
are widespread in the region and are discussed in terms of their characteristics and occurrence. 

In this region of the Wrangell Mountains the predomi
nant rocks are volcanics resting on a basement of meta
morphosed and mineralized sedimentary and igneous 
rocks. Higher portions including upper Skolai Creek val
ley, the upper valley of the Chitistone River, Chitistone 
Pass, and the surrounding peaks are, for the most part, 
composed of Tertiary and Recent lava flows. The rocks 
are mostly andesites and basalts with a nearly horizontal 
structure (Moffit, 1938). Locally interspersed are con
glomerates, clays, and occasional coal seams. Massive fos
siliferous limestone and shale members of Permian age 
crop out at the head of the White River, where they 
reach estimated thicknesses of 615 m on both sides of 
the Russell Glacier (Moffit, 1938). 

The general topography of the region is that of high 
peaks and narrow, steep-sided valleys. All major rivers of 
the region are fed by glaciers and form broad flood plains 
in the larger valleys. The region has been heavily glaciated, 
and the majority of surfaces are very young. I n general, 
glaciers have been retreating during the past several hun
dred years, as evidenced by reports of Capps (1916, 
1932), Moffit (1938), and Rampton (1970). Soils of the 
region reflect its youthfulness. They are, for the most 
part, azonal regosols and lithosols except where the 
rather patchy tundra vegetation has become established. 
This paper reports a preliminary classification of soils 
and a description of patterned ground based on observa
tions made in the course of alpine vegetation studies 
(Scott, pp. 283-33i, this volume). 

The study area includes that part of the Wrangell 
Mountains above treeline between the headwaters of the 
White River, the confluence of the Skolai and Frederika 
Rivers, the lower Chitistone Gorge at the terminus of 
the Chitistone Glacier, and the northwestern face of the 
St. Elias Range . 

Soils 

Compared to Arctic regions, there is relatively little 
literature available on the soils and soil-forming processes 

*Department of Biology, Albion College, Albion, Michigan 
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of alpine North America. Bliss (1956) has compared 
Arctic soils with alpine soils of the Medicine Bow Moun
tains, Wyoming. Hayward (1952) and Cox (1933) have 
shown how soil development parallels changes in com
munity composition in the Uinta Mountains, Utah and 
the Pike's Peak region of Colorado. Retzer (1956, 1962) 
has described alpine turf, alpine meadow, and alpine bog 
soils from Colorado. J ohnson and Billings (1962) found 
that soils of the Beartooth Plateau of Wyoming and 
Montana could be assigned to Retzer's three categories. 
On most sites a B horizon was not distinguishable, sup
porting the contention ofTedrow and Cantlon (1958), 
in agreement with Robinson (1949) and Tedrow, et 
al. (1958), that tundra soils are best designated as intra
zonal rather than zonal. Their argument is based on the 
fact that most tundra soils occur under conditions of 
poor to moderate drainage due to excessive surface water 
or high water table. 

In the Wrangell Mountains ground saturation and re
tarded drainage are a function of the high permafrost 
table. Soils of this area seem to best fit the Tedrow and 
Cantlon categories, and their designations are used in 
this paper for descriptive purposes. With minor modifi
cations the following soil types can be recognized in the 
Wrangell Mountains: 

(1) Lithosols of well-drained upland sites. Shallow, stony 
mantles covering bedrock exposures on level areas. 
(2) Regosols on well-drained to poorly drained sites. 
Found on talus, outwash, flood plains, and alluvial fans. 
(3) Brown tundra soils of well-drained sites with an A-C 
profile. These are upland mineral soils with profiles rarely 
exceeding 1.5 m. 
(4) Upland tundra on moderately drained sites with less 
organic accumulation in the upper horizon than the fol
lowing type. 
(5) Meadow tundra on moderately drained lowlands with 
a dark-brown to black organic layer in the upper horizon. 
(6) Half-bog and bog soils occur in poorly drained low
lands. Half-bog soils have a thinner organic horizon « 46 
cm) than bog soils. Both are underlain by permafrost. 

The soils of the Chitistone-Skolai region can be arranged 
in a drainage catena (Fig. 1) from the well-drained to 
moderately drained brown tundra soils to the poorly 
drained bog soils. Promes of these soil types are illus
trated in Figure 2. 
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Fig. 1. Drainage catena of Chitistone-Skolai soils. Modified from 
the Arctic catena of Tedrow and Cantlon (1958). 

Patterned Ground 

Cryopedologic processes cause physical displacement 
of mineral and organic matter at a majority of sites 
throughout the region. The magnitude of their effect 
varies from slight surface disruption to intensities suffi
cient to prevent formation of horizontal structure in the 
soils. In such areas surficial sorting occurs and col or dif
ferences between horizons are lacking. The ultimate ex
pression of such processes is the widespread patterned 
ground structures found in the region. The nomenclature 
of these structures follows that of Wash burn (1956). 

Sorted nets occur in areas of moderate snow duration 
and are most common at higher altitudes where there is 
only a thin mantle of mineral soil. The perimeter is ir
regular (intermediate between circles and polygons) and 
bounded by material coarser than that in the center. On 
shallow slopes elongation may occur by solifluction pro
cesses, resulting in a pattern commonly referred to as 
stone garlands (Sharp, 1942b). 

Nonsorted nets are perhaps the most common pat
terned ground feature found in the Chitistone-Skolai 
region. They are characterized by an irregular perimeter 
lacking the border of coarse stones found in sorted nets. 
One type, "frost scar" or "frost boil," is found where the 
substrate remains saturated for extended periods follow
ing snowmelt. Diurnal freeze-thaw activity results in 
needle-ice formation near the surface, causing soil dis
ruption (and heaving or tearing of certain plant species). 
Growth sequences of needle-ice formation have been 
discussed by Outcalt (1970) and their effect on seedling 
establishment by Brink, et al. (1967). Frost boils in 
various stages of development were observed in the area, 
adding support to the theory of Billings and Mooney 
(1959) that their formation is cyclical and partially due 
to interaction with vegetation, a topic to be discussed 
elsewhere (Scott, pp. 312-313, this volume). Small sorted 
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polygons may occur in these frost boils and appear to be 
caused by heaving during needle-ice formation. 

Another nonsorted feature is that of earth hummocks 
which are raised in the middle and usually occur in 
groups in flat, poorly drained areas. They consist of a 
vegetation layer overlying a dark, earthen layer, often 
containing lenses of organic material. Maximum height 
of hummocks observed in this region was approximately 
0.5 m. While their formation is not necessarily due to 
permafrost (Troll, 1944), those excavated in Chitistone 
Pass were underlain by permafrost and in some cases by 
ice lenses. 

Occasional large hummocks were observed, especially 
on the saturated floodplain meadows of the Skolai Creek 
valley. These occurred singly or in small groups with 
heights in the range of 0.5-1.0 m and diameters rarely 
exceeding 3.5 m. Sharp (1942a) has discussed the distri
bution and mode of formation of the same type of fea
ture in the Wolf Creek area of the St. Elias Range, Yukon 
Territory. While closely resembling the hydrolaccoliths 
of Siberian tundra (Tolstichin in Sharp, 1942a) and 
pingos of American tundra (Porsild in Sharp, 1942a), 
their mode of formation is somewhat different. The 
Arctic features are formed through hydraulic updoming 
of ground water whereas the alpine mounds are nourished 
by seepage of ground water during spring and fall (Sharp, 
1942a). 

Nonsorted steps occur on hillsides and slopes up to 
30°. They have been called terraces by other workers 
(Antevs, 1932) and are formed by solifluction processes. 
Turf vegetation, a characteristic component of these 
steps (Washburn, 1956), provides the resistance neces
sary for their formation. They differ from earth hum
mocks by grading into the slope rather than being sepa
rated by depressions. On the Beartooth plateau of 
Wyoming and Montana, J ohnson and Billings (1962) 
were able to distinguish very old terraces degraded to 
rubble by surface-water drainage . Stony embankments 
similar to those reported by J ohnson were also observed 
in the St. Elias Mountains by Sharp (1942b). Absence of 
embankments in the Chitistone-Skolai area indicates the 
relative youthfulness of these features in the Wrangell 
Mountains. Both earth hummocks and steps appear to 
be formed through the interaction of vegetation and con
geliturbation (terminology of Bryan, 1946). Both are 
usually covered by thick turf and characteristically occur 
in groups. Very small terraces « 0.5 m) have an internal 
structure similar to earth hummocks (fine particles pre
dominate). Large terraces (> 2 m) contain many coarse 
fragments (> 8 cm). Slope is the primary determining 
factor in the formation of the two. Earth hummocks are 
associated with permafrost, whereas steps may occur by 
solifluction in saturated soils overlying impervious bed
rock strata. 

Both sorted and nonsorted polygons occur in the re
gion. They have polygonal outlines and, although not 
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Organic 
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pH (") 
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4.5 2 

5.0 2 
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5.0 18 
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Fig. 2. Chitistone-Skolai soil profiles: (1) Mt. Wolverine lithosol; (2) Russell Glacier regosol; (3) Frederika Glacier regosol; (4) Frederika 
Glacier outwash regosol; (5) Chitistone Pass upland tundra; (6) Chitistone Pass brown tundra; (7) Chitistone Pass frost boil excavation; 

(8) Skolai valley meadow soil; (9) Skolai valley half·bog soil. 

common, can be found on level sites at altitudes above 
1200 m. Like sorted nets, they occur in areas of moder
ate to late snow duration where vegetation is sparse and 
the soil mantle is relatively thin or lacking. They occur 
in groups, the individual polygons ranging in diameter 
from a few centimeters to more than two meters. Small 
sorted polygons, up to 15 cm in diameter, were ob
served on the exposed surfaces of frost boils. They ap-

pear to form over a relatively short period in response to 
diurnal freeze-thaw activity following snowmelt early in 
the season. By smoothing the frost boil surfaces, it was 
observed that faint patterns could be obtained in a few 
days' time. Nonsorted polygons are found in a variety of 
sites, but usually on fine-grained material. Several large 
polygons were observed on the Skolai Creek meadows; 
their formation presumably is due to ice-wedge action. 
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Smaller polygons are encountered on silt banks where 
their formation is due to dessication (see Knechtel, 
1951; Lang, 1943) unrelated to the periglacial environ
ment. 

Sorted stripes are common on slopes throughout the 
area. Particle size varies considerably, from large (60 X 
40 X 15 cm) angular fragments to small « 1 cm) peb
bles. The stripes occur in parallel groups and may cover 
entire hillsides at elevations above 1200 m. They also 
occur on the saturated surfaces of gentle slopes below 
late snowmelt areas. Excavations indicate that surface 
sorting extends only a few centimeters in depth. Near 
the upper limits of vegetation, distinct striped patterns 
are formed with parallel mats of Dryas octopetala be
tween sorted soil stripes. Wash burn (1956) refers to 
these as nonsorted because of the characteristic alter
nating vegetation-substrate stripes. The vegetation bands 
are relatively narrow, rarely exceed one meter in width, 
and occur on the fine material. Stripes of coarser mate
rial are usually raised a few centimeters above the alter
nating fine stripes. 

In most instances, formation of these patterned
ground features is due to the periglacial environment 
and, more specifically, to the presence of permafrost 
and the diurnal freeze-thaw process (with the exception 
of dessication polygons) . Both Sharp (1942b) and 
Wash burn (1956) concur with Poser (1931) on the poly
genetic origin of patterned ground, an obvious conclu
sion when one considers that twenty-one theories have 
been proposed to explain the origin of stone nets alone 
(Elton, 1927). In essence, the formation of patterned 
ground is due to a complex of frost processes, including 
cryostatic movement (freezing-induced hydrostatic 
phenomena), multigelation (repeated freezing and thaw
ing), gravity movement, eluviation and illuviation of 
fines, solifluction, and frost wedging (Washburn, 1956). 

Patterned ground, as a manifestation of the foregoing 
processes, plays an important role in the distribution of 
alpine species and vegetation types. Sigafoos (1952) has 
shown that distribution of certain Arctic plant communi
ties can be correlated-with microrelief features that are 
formed by frost action. Because frost action maintains 
an unstable substratum, the resulting movement may 
not only prevent succession (Phillips in Sigafoos, 1952), 
but may also inhibit the achievement of climax vegeta
tion (Cain in Sigafoos, 1952). The effect of frost action 
appears to be disruptive within vegetation types that are 
influenced by the relationship between slope, drainage, 
types of patterned ground, and other environmental 
factors, but is not necessarily a primary influence on 
vegetation type as the community correlations of Siga
foos (1952) suggest it to be. Frost action does, however, 
continually provide new surfaces for colonization through 
disruption of surface layers. This aspect will be further 
explored elsewhere (Scott, pp. 310-315, this volume). 

RICHARD W. SCOTT 
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Alpine Plant Communities of the Southeastern 
Wrangell Mountains, Alaska 

Richard W. Scott* 

ABSTRACT. The alpine plant community structure of the Chitistone·Skolai region of the southeastern 
Wrangell Mountains, Alaska is discussed on the basis of species composition and distribution. At present 18 
associations and 22 noda have been defined by graph clustering of square-meter sample-plot data. Associa
tions are those clusters with internal coefficients of similarity> 0.4999. The designation "nodum" is used for 
those with internal similarity values < 0.4999. Conceptually, the community is regarded as a repeating unit 
of vegetation with a defined composition, structure, and internal similarity. It occurs within specified 
environmental limits as determined by the member species. The distribution of groups of communities 
appears to correspond most closely to three environmental variables : snow duration, moisture, and age of 
surface. Variation on a local scale can be accounted for by two important topographical features: slope and 
exposure. 

Altitudinal Zonation 

A broad overview of the distribution of mountain 
vegetation can best be expressed in terms of the four 
altitudinal zones existing in the Chitistone-Skolai region. 
With an increase in altitude there is not only change in 
species composition, but also a shift in the predominant 
growth form from trees through shrubs and herbs to 
crustose lichens. The vegetational zones can be charac
terized as follows : 

(1) Subalpine boreal forest occurs up to about 1100 m and 
meets the study area boundary on the Chitistone River 
and Skolai Creek. Trees are Picea glauca, which occa
sionally form small pure stands, but are usually found 
mixed with Alnus crispa, Populus balsamifera, and P. 
tremuloides. 
(2) The lower alpine zone includes valley floodplains 
and slope based between 1100 and 1450 m. Charac-
teristic vegetation is Salix alaxensis thickets, including 
Epilobium angustifolium, E. latifolium, and Shepherdia 
canadensis, and wet meadows in which Arctophila fulva, 
Garex aquatilis, Equisetum arvense, and Eriophorum 
scheuchzeri dominate. Occasional mats of Sphagnum capilla
ceum, S. giganteum, and S. warnstorfii occur on wet bottom
lands in this zone and are rarely found above 1415 m. 
Salix glauca and S. richardsonii thickets are typical of 
slope bases in this zone, although they occasionally occur 
up to 1600 m. Arctostaphylos rubra, Empetrum nigrum, 
Festuca altaica, Vaccinium uliginosum ssp. alpinum, and 
V. vitis-idaea are found at drier sites at the bases of valley 
slopes. Occasional boreal species occurring in this zone 
are Angelica lucida, Arctostaphylos uva-ursi, Cornus cana
densis, Geranium erianthum, Heracleum lanatum, Juniperus 
communis, Moneses uniflora, Ribes triste, Rosa acicularis, 
and Viburnum edule. On moist sites there is a well-defmed 
Betula glandulosa zone which grades into Salix glauca 
bj':low and sedge meadow (usually Garex bigelowii) above. 
(3) The greatest community diversity is found in the 
middle alpine zone (1446-;2215 m). The dominant 
species of wet meadows in this zone are Garex 
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bigelowii and Petasites frigidus. Somewhat drier 
sites support Dryas octopetala, Salix arctica, S. polaris, 
and S. re ticu la ta. Gassiope tetragona and Vaccinium 
uliginosum ssp. microphyllum occupy exposed ridges. 
Hierochloe alpina and Trisetum spicatum are found 
on the more protected dry sites. Arctagrostis latifolia 
is typical of moist swales. On exposed sites at eleva
tions above 1754 m, lichen-moss turf is the predomi
nant vegetation type; the dominants are usually 
Gladonia rangiferina and Rhacomitrium lanugi-
nosum. 
(4) The high al pine zone begins at the line where talus 
slopes begin or where vegetation mats end. This line is at 
approximately 2215 m in the southeastern Wrangell 
Mountains. Dryas octopetala usually occurs up to the 
limits of vegetation, where it forms extensive, nearly 
pure mats. Above this line the vegetation consists 
mostly of the crustose lichens Buellia sp., Lecidea 
sp., Rhizocarpon geographicum, and Umbilicaria 
spp. Alectoria ochroleuca, Getraria islandica, and 
Grimmia sp. are occasional in this zone. On scree 
and talus typical vascular plants are Androsace septen
tnonalis, Orrysosplenium wnghtii, Douglasia gorrnani, 
Draba fladni zensis, D. lanceolata, D. lonchocarpa, D. 
macrocarpa, Erysimum pallasii, Hedysarum hedysaroides, 
Minuartia rossii, Polemonium boreale, Ranunculus gelidus 
ssp. grayi, Saxifraga bronchialis, S. cernua, S. oppositifolia, 
Silene acaulis, Smelowskia borealis, and Stellaria 
alaskana. 

Vegetation Sampling 

Vegetation was sampled by the plot method. Along 
with the species list (releve), a modified Braun-Blanquet 
cover-abundance scale (Benninghoff, 1966) was used. 
This scale provides two additional categories for rare 
species (one individual) and for species of such low 
density that a cover value cannot readily be determined. 
Numerical designations used in this paper are: 1 (rare); 
2 (individuals more than one, but too few for cover esti
mate); 3 (cover 1-10%); 4 (cover 10-25%); 5 (cover 
25-50%); 6 (cover 50-75%); 7 (cover 75-100%). In 
addition, "sociability" or gregariousness (Braun-Blanquet, 
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Fig. 1. Number of species vs. area of sample plot, Chitistone 
Pass, Alaska. (a) 35 species/4 m'; (b) 32 species/4 m'; (c) 25 
specics/4 m'. Ten-percent slope lines indicate a minimum plot 
size of approximately 0.25 m' . 

1932) of each species was recorded. This descrip
tive character makes it possible to record the 
manner in which individuals of a species are distributed 
or aggregated in the sampled area, but it has proven 
difficult to use quantitatively. Sociability is expressed on 
the basis of the following scale: 1 (single shoots); 2 
(scattered groups or tufts); 3 (small, scattered patches 
or cushions); 4 (large patches or broken mats); 5 
(very large homogeneous mats that nearly cover the 
sampled area). Cover-sociability values are expressed 
with the cover designator first then the sociability 
value; a decimal point is used between the two (for 
example, 3.1 refers to a species having a cover of 1-10% 
and occurring as single individuals). Stratification was 
difficult to detect in most plots and was not exten
sively used as a descriptive character. 

Species-area curves (Fig. 1) were used to determine 
plot size. The curves were constructed by the use of 
successively doubled nested quadrats with a maximum 
size of 4 m2 (2 m X 2 m) and a minimum of 0.0156 m 2 

(12.5 cm X 12.5 cm). Each of the curves demonstrates 
to some degree the "break" mentioned by Cain (1934), 
which Cain (1938) and Greig-Smith (1964) later pointed 
out may be dependent on the relative scales of the 
ordinate and abscissa. Minimal area in this study was 
determined by the 10% tangent (Oosting, 1956) in 
which a line is constructed having a slope equal to a 
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10% increase in species number for each 10% increment 
in area. The point at which this line is tangent to the 
species-area curve is the minimum sampling area and 
appears to closely correspond to the curve "break" at 
approximately 0.25 m2

• Square-meter plots were used, 
however, since they were convenient, comparable to 
those of other studies, and provided additional informa
tion . 

The Flora 

The flora as presently known consists of 91 species of 
lichens, 118 species of bryophytes, and 295 species of 
vascular plants. None were found to be endemic to the 
Wrangell Mountains. Nomenclature follows Hulten 
(1968) for vascular plants, Amell (1956) and Nyholm 
(1954) for bryophytes, and Hale (1969), Krog (1968), 
and Llano (1950) for lichens. Unless otherwise noted, 
these authorities are used throughout this paper . 

Determination and Definition of plant 
Communities 

Graph clustering was used to describe the variation in 
vegetation and its resultant pattern. This technique 
(Estabrook, 1966) provides a framework (clusters) from 
which patterns in vegetation may be classified. The 
process of clustering is achieved in two steps. First, a 
similarity function for two plots is calculated. In this 
study the ordination coefficient of similarity (Scott, 
p. 308, this volume) was used. Second, clusters of plots 
are defined on the basis of their coefficient of similarity 
(c) values. Details of the technique are presented in 
Wirth, et al. (1966), and the following discussion of 
ecological applications is abridged from their treatment. 

In the computing process, acceptable clusters are 
defined on the basis of two criteria. (1) When a collec
tion of sample plots is isolated for some fixed value of 
similarity, each plot in the cluster is more similar to 
every plot within the cluster than to all remaining plots 
or clusters at that fixed similarity value. (2) The collec
tion of sample plots isolated for some fixed value of 
similarity can contain no smaller cluster isolated for the 
same fixed value. The members of the cluster, therefore, 
show a discontinuity with non-members, and the cluster 
cannot be further subdivided at a lower similarity level. 

Clusters conforming to these criteria are formed in the 
following manner. Pairs of plots which are similar at a 
given similarity level are said to be linked. Larger clusters 
(aggregates) thus interlinked constitute acceptable 
clusters. Aggregates isolated at a certain similarity value 
con tain members which are less similar than that value 
to every non-member. As the linking process continues 
from the highest similarity values to the lowest, the 
result is a partitioning of the sample plots into clusters 
(equivalence classes of graph theory). Therefore, the 
clusters formed for a low level of similarity will be made 
up of smaller clusters of a partition formed for a higher 
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Fig. 2. Graph clustering print-out. Values used in the interpretation of associations and noda are indicated. Explanations are in the text . 

level of similarity. These partitions, if arranged in order 
of decreasing similarity, will thus form a hierarchy. The 
clustering process proceeds from the disjoint partition 
(all classes are single objects) by lowering the linking 
similarity values until a new partition is formed. It 
terminates at the conjoint partition (where all objects 
are in the same class). Each cluster formed is associated 
with a similarity value c, defined as the largest fixed link
ing similarity value which maintains the cluster as a 
linked aggregate of objects. A similarity value greater 
than c will cause the cluster to break apart. Clusters may 
thus be defined by the similarity value at which all 
objects in the cluster are linked (that is, the c value of the 
cluster). The isolation of a particular duster from the 
next most similar object or cluster is defmed as its moat 
and is determined by subtracting the largest similarity 
value between an object within a cluster and one out
side from the c value of the cluster. This provIdes a nu
merical value of the isolation (or discontinuity) of the 
cluster with respect to the next most similar value to the 
outside. 

The clustering program is designed so that clusters will 
continue to be formed until all plots have been treated. 
The result is a hierarchical classification between the 
limits of the disjoint and conjoint partitions. For the 
Chitistone-Skolai vegetation data, the twq partitions 
were 0.8570 and 0.2702 (that is, no two plots had c 
values> 0.8570 or < 0.2702). Within these limits some 
clusters contain a well-defmed group (few external con
nections) plus others which join at low c values, but are 
still more similar to the group than to any other group. 
Other plots are clearly intermediate between two or 
more clusters. 

Interpretation of cluster configurations was based on 
the following criteria. The 0.4999 similarity level was 
selected as the minimum criterion of community homo
geneity. Those plots which joined clusters below this 
level had one of two characteristics in common: (1) 
They were obviously different from all other plots, 
with low c values joining them to one cluster and no 
connections to other clusters. (2) They were clearly 
intermediate, with numerous connections to a number 
of well-defined clusters (few external connections). 
Clusters with internal c values greater than 0.4999 are 
referred to as associations. These communities are 
named on the basis of the species having the highest 
dominance and constancy values. They correspond 
more closely to the sociation of the Scandinavian school 
and dominance-type of the American school (Whittaker, 
1962) than the classic Braun-Blanquet association based 
on high-fidelity species. The term "nodum" (Poore, 
1955a, b), which corresponds to "taxon" in systematics 
(that is, it can be applied to abstract vegetation units of 
any category), is used to designate variants of associa
tions. These variants represent intermediate clusters and 
those single plots for which data are insufficient. There
fore, all plots which joined a cluster below c = 0.4999 
were treated. as noda. Criteria used in the interpretation 
of graph clustering analysis are shown in Fig. 2. These 
are: 

(1) The coefficient of similarity at the second partition is 
0.7999. 
(2) At this c value five clusters have formed. Three of these 
(indicated by moat values) are formed at this level. The 
remainder were formed at L = 1. C values indicate the 
similarity level at which the two plots are connected. 
"Moat" provides the numerical value of the isolation 
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of the cluster Wlth respect to the next most similar 
value to the outside. 
(3) At the c value of 0.7999, plot 63 joins the cluster 
with a similarity connection to plot 72. Plot 65 also 
joins to plot 72. 
(4) Out of the may.imum six connections for these four 
plots, three are now filled. 
(5) All remaining single plots which have no coefficient 
of similarity values> 0.7999 are shown. 

Releve Tables 

Once clusters of plots are established on the basis of 
floristic similarity, releve tables prove to be a convenient 
system for describing the structure and composition of 
the clusters. Plan t species in each of the clusters defined 
by the preceding technique were arranged in tabular 
form and ordered according to constancy. Constancy 
classes are based on per cent occurrence within a cluster 
and include five values: 1 « 20%); 2 (20-39%); 3 (40-
59%); 4 (60-79%); 5 (80-100%). Mean cover and socia
bility values were calculated from individual values in 
each of the releves making up the cluster. 

Plant Communities 

As a result of graph clustering, forty associations and 
noda were derived (Fig. 3). The clusters form the basis 
for the classification of the southeastern Wrangell 
Mountain alpine vegetation. The number of plots on 
which the associations and noda are based is indicated 
by the relative sizes of the circles in Figure 3. Where 
communities are connected at more than one similarity 
level, the circles are placed adjacent to 0111: another. 
Lines indicate single connections between clusters. To 
reiterate classification criteria, associations are those 
communities based on clusters with internal c values 
> 0.4999. All clusters with internal c values < 0.4999 or 
single plots with connections < 0.4999 to all other plots 
are treated as noda. Conceptually, the community is 
thus regarded as a repeating unit of vegetation with a 
defined composition, structure, and internal similarity. 
A community occurs within specified environmental 
limits as determined by the member species. The follow
ing plant communities were identified in the Chitistone
Skolai region of the southeastern Wrangell Mountains. 

The Carex bigelowii-Aulacomnium palustre associa
tion (Table 1) is widespread and common in the middle 
alpine zone from 1505 m to 1646 m. It is typical of 
relatively well-irrigated benches and south- and west
faCing slopes with moderate inclinations. On Frederika 
valley slopes it is characteristic of seasonally wet seepage 
areas below snowdrifts. The association is well defined in 
the cluster analysis and forms a cluster within the range 
of c = 0.7691 to 0.6428. No external connections are 
present at similarity levels greater than 0.6428. Typical 
species include Drepanocladus intermedius, Pedicularis 
cap ita ta, Peltigera malacea, Petasites frigidus, Polygonum 
bistorta, and Tomenthypnum nitens, Dryas octopetala 
and Salix reticulata are common but not considered 
characteristic because of their wide distribution and 
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occurrence in a variety of habitats. Two noda are recog
nized: Carex bigelowii-Tomenthypnum nitens (Table 2), 
which occurs on slightly better drained sites that are 
raised above the surrounding level of the meadows; and 
Carex bigelowii-Bryum pseudotriquetrum (Table 3), 
found on the margins of wet meadows and the borders 
of swales. Both noda are characterized by a decrease in 
cover and sociability values of C. bigelowii. Both noda 
are considered to be intermediate to other wet or 
seasonally wet communities. Soils are high in organic 
matter and correspond to the meadow tundra type. 

The Vaccinium vitis-idaea-Dryas octopetala associa
tion (Table 4) is found near the base of valley slopes and 
is especially well developed on rocky lithosols of south
facing slopes. It is a distinctive and closely-knit 
association which forms a cluster at c = 0.8570 to 
0.5832, with no external connections until c = 0.4999. 
It is a community of young surfaces, as evidenced by the 
lack of a soil profile and a very thin organic layer. Slope 
angles are generally steep, varying from 31

0
_36

0
• The 

community is restricted to a relatively narrow hillside 
band of less than 60 m above valley floors. In addition 
to the dominants, high constancy species are 
Arctagrostis poaeoides, Arctostaphylos rubra, Peltigera 
malacea, and Saxifraga tricuspidata. 

The Salix glauca-Empetrum nigrum association (Table 
5) occurs in the same areas as the Vaccinium vitis
idaea-Dryas octopetala assOCiation where the vegetation 
of protected gullies exhibits a marked shift to semi-erect 
or erect shrubs with an understory of mesic species of 
moist, shaded habitats such as Epilobium angustifolium, 
Geranium erianthum, Linnaea borealis, Mertensia pani
culata, Moehringia laterijlora, Rosa acicularis, and 
Senecin lugens. The association forms at c = 0.Rl)70 to 
U.714Z. Soils show evidence of zonaiity at a few sites 
with a distinct organic layer. At c = 0.5454 and 0.5184, 
the cluster is joined by a floristically similar group which 
is designated as the Festuca altaica-Artemisia arctica 
nodum (Table 6). This nodum is characterized by an in
crease in the cover-sociability of Anemone parvijlora, 
Artemisia arctica, Festuca altaica, and Salix richardsonii, 
and the absence of Empetrum nigrum, Salix glauca, and 
Vaccinium vitis-idaea. A second nodum (Festuca altaica
Empetrum nigrum, Table 7) is characteristic of drier, 
southwest-facing slopes. Cluster connections of this 
nodum are weak (c = 0.3749 to 0.3332), due primarily 
to the open nature of the vegetation and the lack of 
many lowland species which occur in the Salix glauca
Empetrum n(grum association and the Festuca altaica
Artemisia arc~ica nodum. Both noda occur on sandy 
alluvium at the base of slopes in the lower alpine zone. 

The Betula glandulosa-Vaccinium uliginosum aSSU<:la
tion (Table 8) occurs as conspicuous shrub belts on 
slopes (Fig. 4). It is typical of sites that are more moist 
than those supporting Vaccinium vitis-idaea-Dryas 
octopetala and Salix glauca-Empetrum nigrum 
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Fi'!. 3. Cluster relationships of associations and noda. Size of each circle corresponds to number of 
releves enclosed; adjacent circles indicate more than one intercluster connection; lines indicate 
single connections less than c = 0.3999. Associations and noda are identified by numbers assigned 
in order of discussion in the text. (1) Carex bigelowii-Aulacomnium palustre association; (2) Carex 
bigelowii-Tomenthypnum nitens nodum; (3) Carex bigelowii-Bryum pseudo triquetrum nodum; 
(4) Vaccinium vitis-idaea-Dryas octopetala association ; (5) Salixglauca-Empetrum nigrum associa
tion; (6) Festuca altaica-Artemisia arctica nodum; (7) Festuca altaica-Empetrum nigrum nodum; 
(8) Betulaglandulosa-Vaccinium uliginosum association; (9) Salix reticulata-Carex podocarpa as
sociation; (10) Carex aquatilis-Equisetum arvense association; (11) Carex membranacea nodum; 
(12) Epilobium angustifolium nodum; (13) Carex lachenalii-Oxyria digyna association; (14) 
Kaieriaglacialis-Griml71ia alpicola nodum; (15) Salix polaris-Cetraria islandica association; (16) 
Rhacomitrium canescens-Dicranoweisia cirrata association; (17) Cladonia rangiferina-Rhaco
mitrium lan,.ginosum association; (18) Salix alaxensis-Shepherdia canadensis-Cladonia pyxidata 
association; (19) Shepherdia canadensis-Oxytropis campestris nodum; (20) Salix glauca-Oxytropis 
deflexa association; (21) Hedysarum alpinum-Oxytropis deflexa nodum ; (22) Dryas octopetala
Stereocaulon tomentosum nodum; (23) Dryas octopetala-Shepherdia canadensis association; (24) 
Arctagrostis latifolia-Poa arctica nodum; (25) Poa lanata-Artemisia tilesii nodum; (26) Epilobium 
latifolium-Brachythecium turgidum nodum; (27) Dryas octopetala-Cetraria cucullata association; 
(28) Dryas octopetala-Vaccinium uliginosum nodum; (29) Stereocaulon tomentosum-Cladonia 
pyxidata nodum; (30) Festuca altaica-Lupinus arcticus nodum; (31) Carex aquatilis-Aulacomnium 
palustre association; (32) Cassiope tetragona-Vaccinium uliginosum nodum; (33) Salix polaris
Hylocomium alaskanum association; (34) Petasites frigidus-Aulacomnium palustre association; 
(35) Cassiope tetragona-Aulacomnium palustre nodum; (36) Bryum pseudotriquetrum-Aulacom
nium palustre nodum; (37) Arctagrostis latifolia-Equisetum arvense association; (38) Artemisia 
tilesii-Mertensia paniculata nodum; (39) Salix alaxensis-Artemisia arctica nodum; (40) Salix 
glauca-Artemisia arctica nodum. 
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associations. Although the Be tu laglandulosa- Vaccinium 
uliginosum association usually occupies sites upslope 
frorn the previous two, it has been noted as extending 
down to the valley outwash plain of the Frederika 
Glacier. The association is a well-defined one, forming at 
c = 0.7741 to 0.5599 and having no external connec
tions until c = 0.4650. In addition to Betula glandulosa 
and Vaccinium uliginosum, typical species of this 

association having high constancy or cover-sociability 
values are Aulacomnium palustre, Carex bigelowii, 
Drepanocladus sp., Empetrum nigrum, Hylocomium 
alaskanum, Peltigera aphthosa, Stereocaulon tomen
tosum, and Vaccinium vitis-idaea. The physiognomy of 
this association is very similar to the Salix glauca
Empetrum nigrum type. In terms of species composi
tion, however, it is distinctive. It lacks many of the low 
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Fig. 4. Betula glandulosa- Vaccinium uliginosum association. 

altitude species of the latter and contains many species 
which are typical of higher elevations. For this reason it 
shows greater affmity to middle apline associations and 
less than 0.3809 similarity to the Salix glauea-Empetrum 
nigrum type. The upper limit of this association is thus 
considered to be the boundary of the lower alpine zone 
in the Chitistone-Skolai region. Soils are high in organic 
matter in the upper horizon and correspond to the 
meadow tundra type. 

The Salix retieulata-Carex podoearpa association 
(Table 9) is relatively common throughout the study 
area in the middle alpine zone. High constancy species 
include Daetylina arctica, Hyloeomium alaskanum, 
Peltigera aphthosa, P. malacea, Polytriehum juniperinum, 
Saxifraga davurica, Stellaria monantha, and Tomen
thypnum nitens. Most occur frequently in other com
munities and, as a consequence, this type is not as well
defmed as others. The cluster forms at c = 0.6808 to 
0.4999 with external connections to the Cladonia rangi
ferina-Rhaeomitrium lanuginosum association (c = 
0.5074) (Table 15), the Petasites frigidus-Aulaeomnium 
palustre association (c = 0.5713) (Table 24), and the 
Salix polaris-Hylocomium alaskanum association (c = 
0.6340) (Table 23). The association is typically found at 
sites on warm south- and east-facing slopes that are 
snowfree early in the growing season (late May). Soils 
are the upland tundra type. 
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The Carex aquatilis-Equisetum arvense association 
(Table 10) is occasional in the Chitistone-Skolai region 
and occurs only in lowland wet areas (Fig. 5). It is 
typically found on fine-grained regosols of braided flood
plains and alluvial fans. The soil organic layer is thin or 
lacking; no evidence of gleying was noted. Soil character
istics, plus a paucity of species (2-7 Im 2 

), indicate that 
the association is an early successional stage in wet
meadow development. Typical vascular species, in addi
tion to Carex aquatilis and Equisetum arvense, are 
Epilobium angustifolium, Equisetum variegatum, and 
Juneus arctieus. In its appearance in the field and in its 
emergence in the clustering process, this association is 
one of the most distinctive of all communities sampled. 
It forms at c = 0.8570 to 0.5713 (0.8570 is the highest 
c value possible in the data array) and has no external 
connections until the 0.3477 connection to the 
Aretagrostis latifolia-Equisetum arvense association 
(Table 25). It is, nevertheless, a loose cluster in terms of 
internal connections (12/28 at 0.4614), with consider
able diversity in dominance attributable to the rhizo
matous nature of many of the species. For this reason 
and because of two low similarity connections to the 
association cluster, the following noda are recognized. 
Each nodum has c values less than 0.3500 to all other 
sample plots in the array, but slightly higher affinities to 
this association' than to all others. They are: the Carex 
membranacea nodum (Table 10) with a well-developed 
ground stratum of Aulacomnium acuminatum, A. 
palustre, Calliergon giganteum, Cataseopium nigritum, 
and Drepanoeladus sp.; and the Epilobium angusti
folium nodum (Table 10) which occurs along the 
relatively well drained margins of wet areas. Carex 
lachenalii and Aretophila fulva were also associated 
with the dominant Epilobium angustifolium. 

High environmental stress zones of late snowbeds are 
typical habitats where the Carex laehenalii-Oxyria 
digyna association occurs (Table 11). Such sites have a 
short growing season and are usually well irrigated by 
meltwater. The association is a rather loose one, forming 
at c = 0.6340 to 0.4799. Other high constancy species 
are Claytonia sarmentosa, Poa arctica, and Saxifraga 
punetata. This association occurs near the upper limits 
of the middle alpine zone and is especially well 
developed in Chitistone Pass. Frost action is intense 
where this association occurs, resulting in a ~con
tinuous vegetation mat. Soils vary from azonallithosols 
to brown tundra under vegetation mats. 

In the latest snowmelt zones, which are snowfree only 
a few days near the end of the growing season, the vege
tation is very sparse and the number of species low. 
plant assemblages of these areas are collectively de
signated as the Kaieria glacialis-Grimmia alpicola nodum 
(Table 12). The nodum forms at c = 0.4999 to 0.3635, 
with external connections to the Carex laehenalii-Bryum 
ps~udotriquetrum association at c = 0.4666. It is a 
poorly defined type (hence nodal designation) with 
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Fig. 5. Carex aquatilis-Equisetum arvense association. Arctagrostis !ati/olia occurs on the near margins, Eriophorum 
scheuchzeri in the background. Slope vegetation is Vaccinium vitis-idaea-Dryas octopetala and Salix glauca-Empetrum 
nigrum associations. 

number of species per plot varying from 3 to 12, de
pending on proximity to semi-permanent snowdrifts 
(discussed in more detail on pp. 312-315 of this volume). 
The species composition is variable and the nodum is 
recognized as much by site geomorphology as by 
vegetational characteristics. The nodum is found only at 
high altitudes, from 1723 m to the upper limits of vege
tation. Typical substrates are azonallithosols which are 
usually saturated. Various frost patterns are common 
where this nodum occurs. 

The S alix polaris-Ce traria islandica association (Table 
13) is typical of relatively exposed sites at higher eleva
tions. It is particularly well developed in Chitistone Pass, 
where it varies from dense mats to a superficial cover 
broken by stone circles, polygons, and nets. The cluster 
representing this association forms at c = 0.6976 to 
0.5142, with external connections to the Cladonia rangi
ferina-Rhacomitrium lanuginosum association (Table 
15) at c = 0.6189 and to the Rhacomitrium canescens
Dicranoweisia cirrata association (Table 14) at c = 
0.6070. Soils vary from azonallithosols to brown 
tundra. Common species are Dactylina arctica, Dicranum 
elongatum, and Rhacomitrium lanuginosum. 

The well-defined Rhacomitrium canescens-Dicrano
weisia cirrata association (Table 14) is found at eleva
tions from 1815 m to the upper limits of vegetation. It 
is typical of sites in close proximity to late snowbanks 

where the growing season is approximately 25 days. The 
cluster forms at c = 0.7777 to 0.6470, with no external 
connections until c = 0.6070 (Salix polaris-Cetraria 

. islandica association, Table 13). Soils are usually azonal 
and saturated for most of the snowfree period. Typical 
species of wet soils are Andrea rupestris, Cardamine 
bellidifolia, Gymnomitrion apiculatum, and Oxyria 
digyna. Typical of sites with slightly better drainage are 
Cetraria islandica, Dicranoweisia cirrata, Minuartia 
bijlora, Poa arctica, Polytrichum juniperinum, 
Rhacomitrium canescens, and I)tereocaulon tomen
tosum. 

The Cladonia rangiferina-Rhacomitrium lanuginosum 
association (Table 15) cluster is well defined, forming 
at c = 0.7754 to 0.5454, with external connections to 
Salix polaris-Cetraria islandica association at c= 0.6189 
(Table 13) and the Salix reticulata-Carex podocarpa 
association at c = 0.5074 (Table 9). This association is 
the most distinctive and widespread of all vegetation 
types of the middle alpine zone. It is the characteristic 
association of Chitistone Pass, where it covers extensive 
areas. Cover is usually dense, although the vegetation 
may be discontinuous where frost action disrupts the 
mat. High constancy species are few in comparison to 
total species found in the association. The most common 
are A/ectoria ochroleuca, Carex podocarpa, Cetraria 
cucullata, C. islandica, Polytrichum juniperinum, Salix 
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polaris, and Thamnolia vermicularis. The Cladonia 
rangiferina-Rhacomitrium lanuginosum association is 
typical of well-drained sites that become snowfree early 
in the growing season. Brown tundra soils are typical of 
this association, although azonal promes are found in 
areas of intense frost disturbance. 

The Salix alaxensis-Shepherdia canadensis-Cladonia 
'pyxidata association (Table 16) is found on outwash 
surfaces of the Frederika Glacier in the lower alpine 
zone. It is fairly well defined in the clustering process, 
forming at c = 0.7741 to 0.5651, with external con
nections to the Salix glauca-Oxytropis dej1exa associa
tion at c = 0.6249 (Table 17). High constancy species are 
Dryas octopetala, Oxytropis campestris, Pyrola secunda, 
Stereocaulon tomentosum, and Trisetum spicatum. One 
nodum, based on a plot sampled between stands of 
Salix alaxensis, is recognized. It is designated as the 
Shepherdia canadensis-Oxytropis campestris nodum 
(Table 16) and has a coefficient of similarity < 0.5000 
to all other sample plots. While most of the outwash 
soils are azonal, those formed under the dense canopy 
of this association show distinct zonation and are often 
high in organic matter (Fig. 2, p. 281, this volume). 

The Salix glauca-Oxytropis dej1exa association (Table 
17) is found on morainal surfaces of the Frederika out
wash plain. The association cluster forms at c = 0.7346 
to 0.6856, with external connections to the Salix 
alaxemis-Shepherdia canadensis-Cladonia pyxidata 
association at c = 0.6249 (Table 16) and the Dryas 
octopetala-Shepherdia canadensis association at c = 
0.6856 (Table 19). High constancy species are 
Arctostaphylos rubra, Astragalus nutzotinensis, 
Hedysarum alpinum, Populus balsamifera, Salix 
alaxensis, and Shepherdia canadensis. 

On the basis of low similarity values (c < 0.4166 to all 
plots in the array), the Hedysarum alpinum-Oxytropis 
dejlexa nodum (Table 17) is recognized here, althouj!;h 
its status as a distinct p.ntitv is questionable. Both 
Hedysarum alpinum and Oxytropis dej1exa have higher 
cover values (6 and 4, respectively) than in the associa
tion, while Arctostaphylos rubra, Astragalus nutzo
tinensis, Populus balsamifera, Salix alaxensis, and S. 
glauca are absent. Four species, Arabis drummondii, 
Epilobium angustifolium, Erigeron elatus, and Trisetum 
spicatum, occur only in the nodum. 

The Dryas octopetala-Stereocaulon tomentosum 
no dum (Table 18) represents an early successional stage 
on outwash surfaces in the middle alpine zone. The two 
sample plots representing this nodum are connected at 
c = 0.5160 and show external connections of c < 0.5000 
to the most early Frederika outwash association. 
In addition, the high cover species were observed on 
numerous glacial surfaces of recent origin. In addition to 
Dryas octopetala and Stereocaulon tomentosum, 
common species which are also represented in succes
sional stages on the Frederika Glacier outwash are 
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Astragalus nutzotinensis, Anemone parvijlora, Hylo
comium alaskanum, Peltigera malacea, Rhacomitrium 
canescens, and Saxifraga bronchialis. Data are insuf
ficient to merit designating it as an association, although 
additional sampling would probably show this to be the 
case. 

The Dryas octopetala-Shepherdia canadensis associa
tion (Table 19) is typical of the more recent surfaces of 
the Frederika outwash. The association cluster is well 
defined, forming at c = 0.7878 to 0.5925, with external 
connections to the Salix alaxensis-Shepherdia cana
densis association (c = 0.4285), the Salixglauca-Oxy
tropis dejlexa association (c = 0.6856), and the Dryas 
octopetala-Stereocaulon tomentosum nodum (c = 
0.4827). Common species in this association are 
Dicranum elongatum, Dryas octopetala, Populus 
balsamifera (seedlings), Salix alaxensis (seedlings), and 
S. reticulata. The substrate varies from coarse cobbles 
to fine sands and silts. Three noda of this association 
are recognized. The Arctagrostis latifolia-Poa arctica 
nodum (Table 19) occurs on a small, ice-cored end 
moraine at the snout of the Frederika Glacier. While 
most of the species present are found elsewhere in the 
association, there are significantly fewer species due to 
substrate youthfulness. This is obviously an early 
successional stage on glacial surfaces. Its c value to the 
association is 0.4166. Vegetation of the Poa lanata
Artemisia tilesii nodum (Table 19) is typical of kame 
deposits along the margins of the Russell Glacier. Soils 
are azonal and fine grained as in the Arctagrostis lati
folia-Poa arctica nodum. Sites are seasonally wet as 
evidenced by the presence of Koenigia islandica. The 
Epilobium latifolium-Brachythecium turgidum nodum 
(Table 19) represents the single plot most dissimilar to 
all others sampled in the Chitistone-Skolai region. It is 
typical of the sparse vegetation of lower alpine flood
plains along the Chitistone River. The number of species 
is low (13), and its highest affinity (c = 0.2702) is to the 
Dryas octopetala-Shepherdia canadensis association of 
recent periglacial surfaces. Additional sampling is most 
likely to indicate retention of nodal status representing 
an aggregation of floodplain species. 

The Dryas octopetala-Cetraria cucullata association 
(Table 20) is common on slopes throughout the middle al
pine zone. The association cluster forms at c = 0.7233 to 
0.6046, with numerous external connections to other 
associations and noda. It is easily recognizable in the field 
by the high constancy species Aulacomnium palustre, 
Cetraria Cl .... ... lata, Cladonia pyxidata, Dactylina 
arctica, Dryas octopetala, and Peltigera aphthosa. Soils 
vary from shallow lithosols at higher elevations (1900 
m) to meadow tundra in the Skolai valley (1300 m). 
Three noda are recognized (Table 21). The first is the 
Dryas octopetala-Vaccinium uliginosum nodum. The 
status of this nodum is uncertain. It appears to be a 
variant of the Dryas octopetala-Cetraria cucullata 
association and is typical of warm (S-SWexposure), 
steep s10pes (38° - 42°); its only external connection, 
c > 0.5000, is with this association (c = 0.4999). Both 
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plots on which the nodum is based were from the lower 
alpine zone (1300-1340 m) near Chitistone Falls at 
the southern boundary of the study area. The second 
nodum is Stereocaulon tomentosum-Cladonia pyxidata. 
This nodum was observed on fine alluvium, outwash, 
and moraines at higher altitudes than the Stereocaulon 
tomentosum-Rhacomitrium canescens nodum. Highest 
affinity is with the Dryas octopetala-Aulacomnium 
palustre association (c = 0.4736), although a connection 
to Stereocaulon tomentosum-Rhacomitrium canescens 
forms at c = 0.3845. Based on the presence of Cladonia 
pyxidata on older surfaces of the Frederika outwash, 
this nodum is considered to represent approximately the 
same successional stage as the S. tomentosum-R. 
canescens nodum. The third nodum is Festuca altaica
Lupinus arcticus; it is represented by a single plot from 
a stabilized alluvial fan at 1474 m in the Skolai valley. 
It is typical of open, moderately drained meadows 
among Salix glauca and S. alaxensis thickets. Field 
observations indicate this nodum to be frequent in the 
lower-middle alpine transition (that is, Festuca altaica 
meadows). Further sampling would probably result in 
association status. Whereas this nodum is typical of 
open meadows, the Festuca altaica-Artemisia arctica 
nodum (Table 6) occurs on the margins of willow 
thickets. 

Wetlands of the Skolai River valley allow extensive 
development of the Carex aquatilis-Aulacomnium 
palustre association (Table 22). In opposition to the 
Carex aquatilis-Equisetum arvense association (Table 
10), this vegetation type occupies much older surfaces 
with well-developed meadow or half-bog soil profiles. 
The association cluster forms at c = 0.6856 to 0.5805, 
with external connections of c > 0.5000 to Dryas 
octopetala-Cetraria cucullata at c = 0.6153 (Table 20) 
and Carex bigelowii-Aulacomnium palustre at c = 
0.5160 (Table 1) associations, the Carex bigelowii
Tomenthypnum nitens nodum at c = 0.4999 (Table 2), 
and the Petasites frigidus-Aulacomnium palustre 
association at c = 0.5555 (Table 24). Slopes of 
moderately drained hummocks in such meadows support 
vegetation of the Dryas octopetala-Cetraria cucullata 
association. Well-drained sites with brown tundra pro
files are distinguished by a dense cover of the Cassiope 
tetragona-Vaccinium uliginosum nodum (Table 22). 
This nodum is a common and easily recognized vege
tation type near the lower limits of the middle alpine 
zone, and is deserving of the status of association. It is 
treated as a nodum, however, since this description is 
based on only tWf) sample plots. The two plots repre
sent Skolai valley and Flood Creek valley sites 
approximately 10 km apart at 1370 m and 1426 m, 
respectively. Their c.value is 0.5713, with external con
nections to the Dryas octopetala-Cetraria cucullata 
association at c = 0.6046 (Table 20). Field observations 
indicate the widespread occurrence of this nodum on 
structured benches near the Skolai moraines of the 
Russell Glacier. Rhododendron lapponicum was noted 
as common, although it was not found in the two sample 
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plots. Additional sampling would probably show this to 
be a Cassiope tetragona-Rhododendron lapponicum
Vaccinium uliginosum association. Species occurring in 
both plots are Alectoria ochroleuca, Cetraria cucullata, 
C. islandica, Dicranum fuscescens, Dryas octopetala, 
Hylocomium alaskanum, Peltigera aphthosa, Pyrola 
secunda, Salix arctica, and 'Thamnolia vermicularis. 

Wet seepage channels and the margins of rivulets in 
the upper portions of the middle alpine zone are typical 
habitats of the Salix polaris-Hylocomium alaskanum 
association (Table 23). Soils vary from lithosols to 
shallow zonal (15 cm) with a thin organic horizon. 
Soils of stream margins usually show this thin organic 
layer. 

The association cluster is a well-defined one, forming 
at c = 0.7110 to 0.6666, with external connections of 
c > 0.5000 to Salix reticulata-Carex podocarpa (c = 
0.6340), Dryas octopetala-Aulacomnium palustre (c = 
6046), Carex bigelowii-Aulacomnium palustre (c = 
0.5142), Salix polaris-Cetraria islandica (c = 0.4999), 
and Cladonia rangiferina-Rhacomitrium lanuginosum 
(c = 0.5115) associations. High constancy species are 
Antennaria monocephala, Artemisia arctica, Aulacom
nium palustre, Cladonia pyxidata, Peltigera malacea, 
Poa arctica, and Stereocaulon alpinum. Where the Salix 
polaris-Cetraria islandica association is typical of 
exposed sites, particularly in Chitistone Pass, the Salix 
polaris-Hylocomium alaskanum association is indicative 
of me sic, intermittently wet sites on warm east- and 
south-facing slopes. 

The Petasites frigidus-Aulacomnium palustre associa
tion (Table 24) is widely distributed throughout the 
study area from the lower-alpine zone to the upper 
limits of the middle-alpine zone. This association is 
characteristic of well-irrigated slopes and level areas with 
standing water. Soils vary from wet alpine meadow to 
half bog. 

The association cluster forms at c = 0.6249 to 0.5516. 
It is a fairly well-defmed cluster with external connec
tions to Salix reticulata-Carex podocarpa (c = 0.5713), 
Salix polaris-Hylocomium alaskanum (c = 0.4864), 
Carex bigelowii-Aulacomnium palustre (c = 0.5454), 
Dryas octopetala-Aulacomnium palustre (c = 0.5555), 
and Arctagrostis latifolia-Equisetum arvense (c = 
0.5555) association. High constancy species are 
Anemone richardsonii, Equisetum scirpoides, Hylo
comium alaskanum, Polemonium acutiflorum, Salix 
polaris, Stellaria monantha, and Tomenthypnum 
nitens. Two poda are recognized. The Hrst is the 
Cassiope tetragona-Aulacomnium palustre nodum 
(Table 24). It is considered to be the me sic inter
mediate between associations such as Carex bigelowii
Aulacomnium palustre, Dryas octopetala-Aulacom
nium palustre, Petasites frigidus-Aulacomnium palustre, 
Betula glandulosa-Vaccinium uliginosum, and the 
Cassiope tetragona-Vaccinium uliginosum nodum. 
External connections show greatest affinities to mesic 
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vegetation types. The second is the Bryum pseudo
triquetrum-Aulacomnium palustre nodum (Table 24) 
which occurs in areas of standing water in meadows 
where various bryophytes form extensive mats. Such 
species are Brachythecium turgidum, Calliergon 
turgescens, Drepanocladus revolvens, Mnium rugicum, 
Paludella squarrosa, and Tomenthypnum nitens. 
External connections to Petasites frigidus-Aulacom
nium palustre form at c = 0.4443. 

The Arctagrostis latifolia-Equisetum arvense associa
tion (Table 25) is widely distributed throughout the 
middle alpine zone. Typical of moist swales, this associa
tion is especially common and well developed on gentle 
Skolai and Flood Creek slopes. The association forms at 
c = 0.6249 to 0.5160. The only external connections, 
c;;;' 0.5000, are with the Petasites frigidus-Aulacom
nium palustre association (Table 24). High constancy 
species are Artemisia arctica, Carex podocarpa, Mer
tensia paniculata, Petasites frigidus, Polemonium acuti
florum, and Valeriana capitata. Meadow tundra soils 
are typical of sites where this association occurs. Three 
noda are recognized . The first is the Artemisia tilesii
Mertensia paniculata nodum which is represented by a 
single plot located on the face of a large Skolai valley 
solifluction terrace at 1526 m. It is treated separately 
here because of the lack of Arctagrostis latifolia and 
the high cover-sociability (7.4) of Artemisia tilesii. Its 
status remains uncertain; A. tilesii is common on un
stable outwash surfaces at lower elevations. The 
immediate temptation is to draw a connection between 
its occurrence and surface instability. The unbroken mat 
of this terrace, however, indicated that soil creep was 
relatively slow. Artemisia tilesii at high elevations is 
most closely associated with steep slopes having ade
quate moisture. Since this solifluction face was steep 
(21°), well irrigated, and had a SW exposure, the A . 
tilesii-M. paniculata nodum probably represents only a 
microenvironmental variant of the Arctagrostis latifolia
Equisetum arvense association. The Salix alaxensis
Artemisia arctica nodum (Table 25) occurs in the lower 
alpine zone near the bases of slopes and on the lowest 
margins of Arctagrostis latifolia-Equisetum arvense 
swales. Common species are typical of moist, protected 
habitats; for example, Artemisia arctica, Delphinium 
glaucum, Epilobium angustifolium, Polemonium acuti
florum, Rubus arcticus, Sedum rosea, Valeriana capitata, 
Veronica wormskjoldii, and Zygadenus elegans. The 
Salix glauca-Artemisia arctica nodum (Table 25) is often 
found in close proximity to the margins of the Arcta
grostis latifolia-Equisetum arvense association in the 
middle alpine zone. At these elevations Salix Zl laxensis, a 
lowland species, is replaced by S. glauca. Salix glauca 
thickets are more open than S. alaxensis and conse
quently contain more species of the association than 
does the S. alaxensis nodum. This is reflected in the 
slightly higher connection (c = 0.4102 vs. c = 0.3999) to 
the association. The two noda have a low c value 

RICHARD W. scon 

(0.3076), indicating that further sampling would prob
ably show both to be distinct vegetation types and 
quite different from the S. alaxensis and S. glauca suc
cessional stages of the Frederika outwash. 

Summary 

In summary, 18 associations and 22 noda were defined 
by graph clustering of sample plot data. Associations 
were those clusters with internal coefficient of similarity 
values> 0.4999. The designation "nodum" was used for 
those with internal similarity values < 0.4999. Using the 
clustering technique for vegetation analysis, and on the 
basis of species composition, it also became apparent 
that there were groups of species making up some higher 
level of organization than the association (Fig. 3). An 
example is the cluster of associations and noda num
bered 18-26. All are based on sample plots from recent 
surfaces, particularly outwash. All are well isolated from 
the remaining associations and noda and have few ex
ternal connections. Based on descriptions in the text, 
these "macrogroups" appear to correspond most closely 
to three environmental variables: snow duration, mois
ture, and age of surface. Much of the variation that 
occurs within these groups (that is, associations and their 
noda) can be accounted for by variation in two impor
tant topographical features: slope and exposure. It is the 
interaction of these variables which results in steep 
microclimatic gradients typical of mountainous regions, 
and which produces the most common and predictable 
vegetation patterns. These interactions are to be 
explored more fully in separate treatments (Scott, 
pp. 307-337, this volume). 
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APPENDIX 

ASSOCIATION AND NODAL TABLES 

Note: C = mean cover; S = mean sociability; Con = constancy 

TABLE 1 

Carex bigelowii-Aulacomnium palustre association 

Species CS Con Species CS Con Species 

Carex bige10wii 6.2 5 C1adonia pyxidata 2.1 2 Minuartia rossii 
Sa1ix reticu1ata 3.1 5 Salix polaris 1.1 2 Pedicular is sudetica 
Au1acomnium pa1ustre 4.3 5 Silene acaulis 1.2 2 Saxifraga 
Dryas octopeta1a 3.2 5 Bryum flagellaris 
Pedicu1aris capitata 2.1 5 pseudotriquetrum 2.3 2 Aulacomnium 
Tomenthypnum nitens 4.3 5 Cladonia 5p. 2.3 2 acuminatum 
Polygonum bistorta 1.1 4 Saxifraga Dicranum elongatum 
Drepanocladus hieracifolia 1.1 1 Drepanocladus 

intermedius 2.1 4 Anemone parviflora 2.1 1 vernicosus 
Petasites frigidus 2.1 3 Arctostaphylos rubra 3.2 1 Rhacomitrium 
Peltigera ma1acea 3.2 3 Astragalus alpinus 2.1 1 heterostichum 
Salix arctica 2.1 3 Astragalus Cetraria islandica 
Saxifraga davurica 2.1 3 umbellatus 1.1 1 Peltigera canina 
Hylocomium alaskanum 3.3 3 Claytonia sarmentosa 1.1 1 Stereocau1on alpinum 
Equisetum arvense 2.1 2 Eriophorum Equisetum scirpoides 
Pedicu1aris scheuchzeri 1.1 1 

1angsdorfii 2.1 2 Juncus big1umis 1.2 1 

TABLE 2 

Carex bigelowii-Tomenthypnum nitens nodum 

Species CS Con Species CS Con Species 

Carex bigelowii 5.2 5 Claytonia bostockii 1.1 2 Drepanocladus 
Petasites frigidus 2.1 5 Corydalis uncinatus 
Hylocomium alaskanum 3.2 5 pauci florus 1.1 2 Eurhynchium 
Tomenthypnum nitens 5.4 5 Dodecatheon frigidum 2.1 2 pulchellum 
Cladonia pyxidata 2.1 5 Equisetum arvense 1.1 2 Isopterygium 
Anemone parviflora 2.1 4 Equisetum scirpoides 3.1 2 pulchellum 
Astragalus Linnaea borealis 1.1 2 Mnium rugicum 

umbellatus 2.1 4 Myosotis alpestris 2.1 2 Myurella julacea 
Claytonia sarmentos& 2.1 4 Pedicularis kanei 1.1 2 Cetraria 
Dryas octopeta1a 3.2 4 Poa arctica 2.1 2 richardsonii 
Pedicularis capita ta 3.1 4 Po1emonium Peltigera canina 
Salix reticulata 5.2 4 acutiflorum 2.1 2 Pe1tigera ma1acea 
Aulacomnium palustre 5.3 4 Polygonum bistorta 3.1 2 Cetraria cucullata 
Campylium Saxifraga Cetraria islandica 

chrysophyllum 2.3 4 hieracifolia 2.1 2 Dactylina arciica 
Tortella fragilis 2.3 4 Stellaria edwardsii 1.1 2 Pe1tigera aphthosa 
Arctagrostis Dicranum fuscescens 1.2 2 Stereocau1on a1pinum 

latifolia 2.1 2 

CS 

1.2 
1.1 

2.1 

2.1 
2.3 

3.2 

1.3 
1.1 
2.1 
2.3 
2.1 

CS 

2.1 

1.3 

1.3 
2.1 
1.3 

2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
4.2 

Con 

1 
1 

1 

1 
1 

1 

1 
1 
1 
1 
1 

Con 

2 

2 

2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
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TABLE 3 

Carex bigelowii-Bryum pseudo triquetrum nodum 

Species CS Con Species CS Con Species CS Con 

Carex bige10wii 4.1 5 Hy1ocomium a1askanum 3.2 4 Campy1ium ste11atum 2.1 2 
Au1acomnium pa1ustre 2.3 5 Mnium rugicum 2.2 4 Dicranum e10ngatum 3.3 2 
Bryum Pogonatum a1pinum 2.1 4 Dicranum fuscescens 2.2 2 

pseudotriquetrum 3.2 5 Tomenthypnum nitens 2.3 4 Drepanoc1adus 
Cirriphy11um cirrosum 2.2 5 Cetraria is1andica 2.1 4 revo1vens 3.4 2 
Distichum C1adonia pyxidata 2.1 4 Kaieria glacia1is 2.2 2 

capillaceum 3.3 5 Pe1tigera aphthosa 2.1 4 Mnium sp. 3.2 2 
Ditrichum f1exicau1e 3.3 5 Pe1tigera ma1acea 2.2 4 Poh1ia cruda 2.1 2 
Mnium marginatum 3.3 5 Arctagrostis Rhacomitrium 
Myurella ju1acea 2.1 5 1atifo1ia 1.1 2 heterostichum 3.3 2 
Cetraria cucu11ata 2.1 5 C1aytonia sarmentosa 1.1 2 Cetraria tilesii 2.2 2 
Anemone parvif10ra 2.1 4 Equisetum scirpoides 2.1 2 C1adonia sp. 4.4 2 
Astragalus Gentiana prostrata 2.1 2 Cornicu1aria 

umbell .. tus 2.1 4 Minuartia arctica 1.3 2 accu1eata 2.1 2 
Dryas octopeta1a 3.1 4 Oxytropis nigrescens 1.1 2 Dactylina arctica 2.1 2 
Pedicu1aris capitata 3.1 4 Oxytropis Stereocau1on a1pinum 3.2 2 
Pedicu1aris scammaniana 2.1 2 Thamnolia 

1angsdorfii 1.1 4 Po1ygonum bistorta 2.1 2 vermicu1aris 2.1 2 
Petasites frigidus 1.1 4 Salix arctica 3.1 2 
Salix polaris 4.1 4 Saussurea viscida 2.1 2 
Sa1ix reticu1ata 5.2 4 Silene acaulis 1.3 2 
Brachythecium Ste11aria monantha 2.1 2 

turgidum 2.1 4 Anthelia juratzkana 2.2 2 

TABLE 4 

Vaccinium vitis-idaea~Dryas octopetala association 

Species CS Con Species CS Con Species CS Con 

Dryas octopeta1a 4.4 5 Salix glauca 2.2 2 Carex concinna 2.3 1 
Vaccinium Bryum Empetrum nigrum 4.2 1 

vitis-idaea 4.2 5 pseudotriquetrum 2.2 2 Hedysarum a1pinum 2.1 1 
Saxifraga Festuca a1taica 4.4 1 Minuartia rubella 1.1 1 

tricuspidata 3.2 5 Potentilla fruticosa 3.3 1 Pedicu1aris capitata 2.1 1 
Arctagrostis Shepherdia Sa1ix brachycarpa 3.3 1 

poaeoides 2.2 5 canadensis 2.2 1 Saxifraga ref1exa 2.1 1 
Pe1tigera ma1acea 2.2 4 Dicranum e10ngatum 2.2 1 Solidago 
C1adonia sp. 3.5 4 Hy1ocomium a1askanum 2.2 1 mu1tiradiata 1.2 1 
Arctostaphylos rubra 5.3 3 C1adonia pyxidata 2.1 1 Zygadenus e1egans 1.1 1 
Aster sibiricus 2.1 2 Anemone parvif10ra 1.1 1 Pe1tigera canina 3.2 1 
Epilobium Cardamine 

angustifolium 2.1 2 bellidifolia 1.5 1 

TABLE 5 

Salix glauca-Empetrum nigrum 
association 

Species CS Con Species CS Con Species CS Con 

Epilobium Artemisia arctica 2.3 4 Rosa acicu1aris 3.2 3 
angus tifolium 2.1 5 Festuca a1taica 2.2 4 Anemone parvif10ra 2.1 2 

Linnaea borea1is 3.2 5 Mertensia panicu1ata 2.1 4 Sa1ix reticu1ata 2.1 2 
Solidago Senecio 1ugcns 3.1 4 Shepherdia 

multiradiata 2.1 5 Arctostaphylos rubra 2.2 3 canadensis 2.2 2 
Empetrum nigrum 3.2 5 Geranium erianthum 2.2 3 
Salix glauca 3.3 5 Juniperus communis 2.2 3 
Vaccinium Moehringia 

vitis-idaea 3.1 5 lateriflora 2.1 3 
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Species CS 

Epilobium 
angustifolium 2.1 

Linnaea borea1is 3.2 
Artemisia arctica 3.2 
Festuca a1taica 4.3 
Mertensia panicu1ata 3.1 
Anemone parvif10ra 3.1 
Solidago 

mu1tiradiata 1.1 

Species CS 

Empetrum nigrum 3.4 
Festuca a1taica 3.3 
Sa1ix reticu1ata 3.2 
Artemisia arctica 2.2 
Vaccinium u1iginosum 2.2 
Drepanoc1adus 

uncinatus 2.2 
Lophoco1ea minor 1.3 
Poh1ia cruda 1.3 
Anemone parvif10ra 2.1 

Species CS 

Vaccinium 
vitis-idaea 3.2 

Betula glandu10sa 5.4 
Carex bige10wii 2.1 
Empetrum nigrum 4.3 
Vaccinium u1iginosum 4.3 
Drepanoc1adus sp. 4.3 
Hy1ocomium a1askanum 4.4 
Stereocau1on 

tomentosum 2.1 
Au1acomnium pa1ustre 2.3 
Pe1tigera aphthosa 3.2 
Festuca a1taica 4.3 
Po1ygonum bistorta 2.1 

Con 

5 
5 
5 
5 
5 
5 

3 

TABLE 6 

Festuca altaica-Artemisia arctica nodum 

Species CS Con 

Senecio lug ens 2.1 3 
Sa1ix reticulata 3.1 3 
Cornus canadensis 2.1 3 
Equisetum arvense 2.1 3 
Potentilla 

diversifo1ia 2.1 3 
Sa1ix p1anifo1ia 2.3 3 
Sa1ix richardsonii 7 . 4 3 
Stellaria 1aeta 2.1 3 

TABLE 7 

Festuca altaica-Empetrum nigrum nodum 

Species CS 

Antennaria 
monocepha1a 2.1 

Carex 1achena1ii 2.1 
Epi10bium 

angustifo1ium 2.1 
Equisetum scirpoides 2.1 
Kobresia myosuroides 2.1 
Solidago 

mu1tiradiata 2.1 
Ste11aria monantha 2.1 

TABLE 8 

Species CS 

Veronica 
wormskjoldii 2.1 

Drepanoc1adus sp. 3.3 

Species CS 

Dicranum e10ngatum 2.1 
C1adonia pyxidata 2.1 
Stereocau1on 

tomentosum 1.2 
Potenti11a fruticosa 1.1 
Trisetum spicatum 1.1 

Betula glandulosa- Vaccinium uliginosum association 

Con Species CS Con Species CS 

Dicranum fuscescens 3.3 3 Astragalus 
5 Cetraria is1andica 2.1 3 umbellatus 2.1 
5 Arctostaphylos rubra 3.1 2 Ledum pa1ustre 4.2 
5 Pedicu1aris capitata 2.1 2 Potentilla 
5 Potentilla fruticosa 1.1 2 di vers ifolia 2.1 
5 Pyro1a grandif10fa 3.1 2 Ranunculus 
5 Sa1ix a1axensis 1.1 2 su1phureus 1.1 
5 Salix reticu1ata 3.1 2 Ste11aria longipes 2.1 

C1adonia rangiferina 3.3 2 Au1acomnium turgidum 2.1 
5 Pe1tigera canina 2.1 2 Cetraria cucu11ata 2.1 
4 Thamno1ia C1adonia cariosa 2.1 
4 vermicu1aris 2.1 2 C1adonia ecymocyna 2.1 
3 Anemone parvif10ra 1.1 1 C1adonia pyxidata 2.1 
3 Artemisia arctica 1.1 1 
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Con 

3 
3 

Con 

1 
1 

1 

1 
1 
1 
1 
1 
1 
1 
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TABLE 9 

Salix reticulata-Carex podocarpa association 

Species CS Con Species CS Con Species CS Con 

Carex podocarpa 4.1 5 Cetraria cucullata 2.1 3 Arctagrostis 
Sa1ix reticulata 4.2 5 Cetraria islandica 2.1 3 latifolia 2.1 1 
Saxifraga davurica 2.1 5 Anemone parviflora 3.1 2 Claytonia sarmentosa 2.1 1 
Dactylina arctica 2.2 5 Arnica 1essingii 2.1 2 Petasites frigidus 1.1 1 
Peltigera malacea 3.2 5 Campanula lasiocarpa 2.1 2 Polemonium 
Stellaria monantha 2.2 5 Carex lachenalii 2.1 2 acutiflorum 1.1 1 
Hylocomium alaskanum 4.3 5 Dryas octopetala 7.4 2 Saxifraga nivalis 1.1 1 
Polytrichum Equisetum scirpoides 2.2 2 Silene acaulis 3.3 1 

juniperinum 3.1 5 Luzula multiflora 2.2 2 Blepharostoma 
Tomenthypnum nitens 3.3 5 Minuartia rossii 2.2 2 trictrophyllum 2.1 1 
Peltigera aphthosa 2.1 5 Pedicularis capitata 2.1 2 Dicranum elongatum 2.3 1 
Minuartia arctica 2.2 4 Salix polaris 2.1 2 Drepanocladus sp. 3.2 1 
Polygonum viviparum 2.1 4 Saxifraga flagellaris 2.1 2 Grimmia apocarpa 2.2 1 
Saxifraga Bryum Isopterygium 

hieracifolia 2.1 4 pseudotriquetrum 2.2 2 pulchellum 2.1 1 
Aulacomnium palustre 3.3 4 Calliergon Mnium rugicum 2.2 1 
Aulacomnium turgidum 3.2 4 sarmentosum 2.1 2 Pogonatum urnigeium 2.1 1 
Antennaria Dicranum fuscescens 2.2 2 Pohlia cruda 2.1 1 

monocepha1a 2.1 3 Dicranum muh1enbeckii 2.2 2 Rhytidium rugosum 3.2 1 
Artemisia arctica 1.1 3 Encalyptra Sae1ania g1aucescens 2.1 1 
Carex microchaeta 3.2 3 rhabdocarpa 3.3 2 Cetraria niva1is 1.2 1 
Luzu1a spicata 2.1 3 Stereocau1on alpinum 2.2 2 Cetraria sp. 2.1 1 
Luzula tundricola 2.1 3 Stereocaulon Cladonia ecymocyna 1.1 1 
Poa arctica 2.1 3 tomentosum 2.2 2 Thamnolia 
Drepanocladus sp. 2.2 3 Cladonia pyxidata 2.2 2 vermicularis 2.1 1 
Rhacomitrium Agropyron violaceum 2.2 1 

lanuginosum 2.2 3 Anemone richardsonii 2.1 1 

TABLE 10 

Carex aquatilis-Equisetum arvense association and its noda 

Care" Epilobium 
Association membranacea angustifolium 

nodum nodum 

Species CS Con CS CS 

Ca rcx aquati1is 5.3 5 
Equisctum arvensc 3.1 4 
Epilobium angustifolium 3 .2 3 7.2 
Bryum pseudotriquetrum 3. 3 2 3. 2 
Campylium polygamum 2. 2 2 2 .2 
Salix alaxensis 1.1 2 7.1 
Philonotis tomentella 3.4 2 3.3 
Arctagrostis latifolia 2.1 2 
Eriophorum schcuchzcri 4 . 1 2 
Arctophila ful va 2.1 
Carex lachcnalii 3.1 
Carex mcmbranacea 6.3 
Equisetum varicgatum 5.1 1 
Juncus arcticus 3.1 1 
Salix rcticulata 2.1 
Sa1ix richardsonii 7.2 1 
Au1acomnium acuminatum 2.1 
Au1acomnium palustre 1.3 
Ca11iergon giganteum 3.1 
Catascopium nigritum 3.3 
Drepanoc1adus sp. 4.4 
Leptobryum pyriforme 2.1 1 
~Inium rugicum 2.2 1 
~Inium sp. 2.3 
Pohlia wahlenbergii 2.2 1 
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TABLE 11 

Carex lachenalii-Oxyria digyna association 

Species CS Con Species CS Con Species CS Con 

Carex 1achenalii 2.2 5 Calliergon Pogonatum a1pinum 3.1 2 
C1aytonia sarmentosa 2.1 5 sarmentosum 2.3 3 Tomenthypnum nitens 4.4 2 
Oxyria digyna 3.1 5 Drepanoc1adus Artemisia arctica 2.1 2 
Poa arctica 2.2 5 uncinatus 3.2 3 Calamagrostis 
Saxifraga punctata 2.1 5 Rhacomitrium purpurascens 2.1 2 
Petasites frigidus 3.1 4 canescens 3.4 3 Draba 1actea 2.1 2 
Ranunculus nivalis 2.1 4 Lobaria linita 2.3 3 Epilobium 
Salix polaris 2.1 4 Stereocau1on latifo1 ium 2.1 2 

. Bryum tomentosum 4.3 3 Erigeron 
pseudotriquetrum 3.3 4 Luzu1a arctica 2.1 2 eriocepha1us 2.1 2 

Drepanoc1adus Papaver a1askanum 2.3 2 Luzula arcuata 2.2 2 
revo1vens 2.2 4 Saxifraga niva1is 2.1 2 ~Iinuart ia biflora 2.2 2 

Cardamine Calliergon Taraxacum alaskanum 1.1 2 
bellidifo1ia 2.1 3 turgescens 2.3 2 Bryum sp. 2.1 2 

Cerastium Campylium polygamum 2.3 2 Dicranum elongatum 1.3 2 
beeringianum 2.2 3 Ditrichum Cetraria islandica 1.3 2 

Luzu1a tundrico1a 3.2 3 flexicau1e 2.2 2 Psoroma hypnorum 2.2 2 
Po1emonium Drepanocladus sp. 2.3 2 Aulacomnium pa1ustre 5.4 .2 

acutiflorum 2.1 3 Cladonia sp. 1.2 2 Drepanocladus 
Ranunculus pygmaeus 2.1 3 Ste11aria monantha 2.1 2 tundrae 2.2 2 
Saxifraga rivularis 2.1 3 Trisetum spicatum 1.1 2 Mnium sp. 2.1 2 
Anthe1ia juratzkana 3.2 3 Calliergon Philonotis 
Brachythecium stramineum 2.2 2 tomentella 3.4 2 

turgidum 2.3 3 Kaieria glacia1is 2.3 2 

TABLE 12 

Kaieria glacialis-Grimmia alpicola nodum 

Species CS Con Species CS Con Species CS Con 

Poa arctica 2.2 4 Rhacomitrium Bryum 
Drepanocladus canescens 2.3 3 pseudotriquetrum 1.2 2 

uncinatus 2.2 4 Stereocau1on Tortula norvegica 2.3 2 
Grimmia alpico1a 2.2 4 tomentosum 2.3 3 Oxyria digyna 2.1 2 
Kaieria glacialis 3.3 4 Saxifraga rivularis 2.1 3 Card amine 
Ranunculus Ste11aria longipes 1.2 2 bellidifo1ia 2.1 2 

niva1is 2.1 3 C1adonia sp. 2.2 2 Draba ni vali s 2.2 2 
Polytrichum Brachythecium 

juniperinum 2.1 3 turgidum 2.2 2 
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TABLE 13 

Salix polaris-Cetraria islandica association 

Species CS Con Species CS ,Con Species CS Con 

Sa1ix polaris 3.2 5 Cardamine Grimmia apocarpa 2.3 1 
Dicranum e10ngatum 2.3 5 bellidifo1ia 2.1 2 A1ectoria ochro1euca 2.1 1 
Cetraria is1andica 3.2 5 Draba macrocarpa 2.2 2 Cornicularia 
Rhacomitrium Draba niva1is 2.1 2 acu1eata 2.1 1 

1anuginosum 3.3 5 Papaver a1askanum 2.1 2 Pe1tigera ma1acea 2.1 1 
Dacty1ina arctica 2.1 5 Petasites frigidus 3.1 2 Ca1amagrostis 
Saxifraga davurica 2.1 4 Saussurea viscida 2.1 2 purpurasce'ns 2.1 1 
Saxifraga Anastrophy11um sp. 2.1 2 Sa1ix rotundifolia 1.2 1 

serpyll ifolia 2.1 4 Dicranoweisia cirrata 2.3 2 B1epharostoma 
Hy1ocomium a1askanum 2.2 4 Ditrichum flexicau1e 2.2 2 trichophyllum 2.1 1 
Po1ytrichum Gymnomitrion Bryum 

juniperinum 2.1 4 apicu1atum 2.2 2 pseudotriquetrum 2.3 1 
C1adonia rangiferina 5.3 4 Dicranum majus 2.1 2 Calliergon 
Thamno1ia Drepanoc1adus sarmentosum 2.1 1 

vermicu1aris 2.1 4 uncinatus 2.2 2 Campy1ium hispidu1um 2.1 1 
Ranunculus nivalis 2.1 4 Kaieria glacia1is 3.3 2 Distichum 
Stereocau1on Rhacomitrium capillaceum 2.1 1 

tomentosum 1.3 4 heterostichum 2.2 2 Drepanoc1adus bad ius 1.2 1 
Carex podocarpa 3.1 3 Spheno1obus minutus 2.2 2 Drepanoc1adus 
Claytonia sarmentosa 2.1 3 Cerastium tundrae 2.1 1 
Luzula tundricola 3.2 3 beeringianum 2.1 1 Hypnum cupressiforme 2.1 1 
Pedicularis kanei 1.1 3 Carex 1achena1ii 2.1 1 Mnium hymenophyllum 2.1 1 
Poa arctica 2.1 3 Draba a1pina 2.1 1 Oncophorum 
Rhacomitrium Minuartia arctica 1.2 1 wah1enbergii 2.1 1 

canescens 2.3 3 Oxyria digyna 2.1 1 Orthothecium 
Tomenthypnum nitens 2. 3 3 Sa1ix ph1ebophy11a 2.1 1 strictum 2.1 1 
C1adonia sp. 2.2 3 Taraxacum a1askanum 2.1 1 Pohlia cruda 2.1 1 
Silene acau1is 1.3 2 Andrea rupestris 2.2 1 Pti1idium ci1iare 2.1 1 
Anthelia juratzkana 3.2 2 Brachythecium Scapania suba1pina 2.1 1 
Au1acomnium pa1ustre 2.2 2 turgidum 2.2 1 Tritomeria scitu1a 2.1 1 
C1adonia ecymocyna 2.2 2 Dip1ophy11l.\m 
C1adonia pyxidata 2.1 2 obtusifo1iul!l 2.1 1 

TABLE 14 

Rhacomitrium canescens-Dicranoweisia cirrata association 

Species CS Con Species CS Con Species CS Con 

Cardamine Drepanoc1adus Ranunculus pygmaeus 2.1 2 
bellidifolia 2.1 5 uncinatus 2 .2 4 Saxifraga davurica 1.1 2 

Minuartia biflora 2.2 5 Dactylina arctica 2.1 4 Saxifraga 
Oxyria digyna 3.1 5 Draba macrocarpa 2.1 3 serpyll ifolia 1.1 2 
Poa arctica 2.2 5 Luzu1a arctica 2.3 3 Ste11aria longipes 2.1 2 
Andrea rupestris 2.2 5 Luzula tundrico1a 2.3 3 Taraxacum a1askanum 1.1 2 
Dicranoweisia Grimmia apocarpa 2.2 3 Trisetum spicatum 2.2. 2 

cirrata 3.3 5 C1adonia pyxidata 2.1 3 Brachythecium 
Gymnomitrion Pe1tigera ma1acea 2.2 3 turgidum 2.1 2 

apicu1atum 3.2 5 Carex lachena1ii 2 . 3 3 Dicranum fuscescens 2.2 2 
Polytrichum Papaver a1askanum 1.1 3 Drepanoc1adus aduncus 2.2 2 

juniperinum 2.1 5 Ranunculus niva1is 2.1 3 Grimmia alpico1a 1.3 2 
Rhacomitrium Sa1ix polaris 3.3 3 Isopterigium 

canescens 3.3 5 Saxifraga niva1is 2.1 3 pu1chellum 2.2 2 
Cetraria islandica 2.2 5 Saxifraga rivularis 2.1 3 Pohlia nutans 2.1 2 
C1adonia sp. 2.3 5 Au1acomnium pa1ustre 2.3 3 Scapania suba1pina 2.1 2 
Stereocau1on Dicranum e10ngatum 2.3 3 Tetrap1odon mnoides 1.2 2 

tomentosum 2. 2 5 Ditrichum Tortu1a norvegica 2.1 2 
Cerastium flexicau1e 2.3 3 Tritomeria scitula 2.2 2 

beeringianum 2.2 4 Rhacomitrium Cetraria nigrescens 2.1 2 
C1aytonia sarmentosa 2.1 4 heterostichum 2.3 3 Pe1tigera aphthosa 2.2 2 
Anthelia juratzkana 2.3 4 Candelariella sp. 2.2 3 Thamnolia 
Bryum Antennaria vermicu1aris 1.1 2 

pseudotriquetrum 2.2 4 monocephala 1.2 2 Au1acomnium turgidum 2.1 2 
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TABLE 15 

Cladonia rangiferina-Rhacomitrium lanuginosum association 

Species CS Con Species CS Con Species CS Con 

Carex podocarpa 3.1 5 Bryum Oxytropis nigrescens 2.3 1 
Rhacomitrium pseudotriquetrum 2.2 2 Petasites frigidus 1.1 1 

1anuginosum 4.4 5 Isopterygium Stellaria monantha 2.1 1 
Cladonia rangiferina 5.4 5 pulchellum 2.1 2 Taraxacum alaskanum 2.1 1 
Salix polaris 2.1 5 Sphenolobus minutus 2.1 2 Abietinella abietina 2.2 1 
Polytrichum Stereocaulon Anthelia juratzkana 3.2 1 

juniperinum 2.1 5 tomentosum 2.2 2 Aulacomnium 
Alectoria ochroleuca 3.2 5 Antennaria acul1linatum 2.1 1 
Cetraria cucullata 3.2 5 monocephala 1.2 1 Bartramia i thyphylla 2.2 1 
Cetraria islandica 3.1 5 Cardamine Bryum inclinatum 1.1 1 
Thamno1ia bellidifolia 2.1 1 Calliergon 

vermicularis 3.1 5 Hicrochloe alpina 2.2 1 sarmentosum 2.1 1 
Dicranum e10ngatum 2.3 4 Poa arctica 2.1 1 Ca1liergon stramineum 2.3 1 
Cetraria nivalis 2.2 4 Salix reticulata 5.2 1 Ceratodon purpureus 2.2 1 
Cladonia pyxidata 2.1 4 Andrea rupestris 2.3 1 Cirriphy11um cirrosum 2.1 1 
Dacty1ina arctica 2.1 4 Aulacomnium palustre 2.3 1 Dicranum fuscescens 1.3 1 
Potentilla Bryum sp. 2.3 1 Dicranum majus 2.2 1 

hvparctica 2.1 3 Dicranuweisia cirrata 1.3 1 Ditrichum f1exicau1e 2.1 1 
Saxifraga davurica 2.1 3 Dicranum Drepanoc1adus sp. 2.2 1 
Saxifraga muhlenbeckii 2.2 1 Grimmia a1pico1a 2.3 1 

serphyllifo1ia 2.1 3 Drepanocladus Orthothecium strictum 2.1 1 
Peltigera aphthosa 2.2 3 revolvens 2.2 1 Pogonatum a1pinum 2.2 1 
Saussurea viscida 2.1 3 Drepanocladus Pogonatum urnigerum 2.1 1 
Pohlia cruda 2.1 3 uncinatus 2.2 1 Pohlia nutans 2.2 1 
Pedicu1aris Gymnomitrion Po1ytrichum commune 2.2 1 

1angsdorfii 2.1 2 apiculatum 2.2 1 Polytrichum 
Polygonum viviparum 2.1 2 Kaieria glacia1is 2.2 1 norvegicum 2.1 1 
Ranunculus niva1is 2.1 2 Rhacomitrium Rhytidium rugosum 2.2 1 
Au1acomnium turgidum 2.1 2 canescens 2.3 1 Sae1ania glaucescens 2.1 1 
Hylocomium alaskanum 2.2 2 Peltigera ma1acea 2.2 1 Sphaerophorus sp. 2.1 1 
Cladonia ecymocyna 2.2 2 Calamagrostis Tortella fragilis 2.1 1 
Cornicu1aria purpurescens 2.3 1 Tortella tortuosa 2 . 1 1 

aculeata 3.2 2 C1aytonia sarmentosa 1.1 1 Cladonia ch1orophaea 2.1 1 
Pedicu1aris kanei 1.1 2 Dryas octopeta1a 5.4 1 C1adonia turgida 1.2 1 
Si1ene acau1is 1.3 2 Kobresia myosuroides 1.3 1 Lecidea sp. 2.3 1 
Cladonia sp. 2.2 2 Luzu1a tundrico1a 1.2 1 Pe1tigera canina 2.2 1 
Stereocaulon a1pinum 2.2 2 Minuartia bif10ra 1.2 1 Psoroma hypnorum 1.2 1 
Carex lachenalii 2.1 2 Minuartia rossii 1.3 1 Solorina saccata 2.1 1 
Minuartia arctica 1.1 2 Oxyria digyna 1.1 1 Tomenthypnum nitens 2.1 1 

TABLE 18* 

Oryas octopetala-Stereocaulon tomentosum nodum 

Species CS Con Species CS Con Species CS Con 

Dryas octopetala 5.2 5 Anemone parvif10ra 2.1 5 Minuartia arctica 1.1 3 
Astragalus Saxifraga bronchial is 1.2 5 Minuartia rubella 2.1 3 

nutzotinensis 2.1 5 Epi10bium reticu1ata 2.1 3 Oxytropis nigrescens 1.3 3 
Stereocau1on Drepanoc1adus sp. 3.3 3 Po1emonium borea1e 2.1 3 

tomentosum 6.4 5 Festuca brachyphy11a 2.3 3 Saxifraga caespitosa 2 . 1 3 
Pe1tigera ma1acea 2.2 5 Dacty1ina arctica 2.2 3 Cetraria is1andica 2.3 3 
Rhacomitrium Antennaria Cetraria nivalis 1.1 3 

canescens 4.3 5 monocephala 1.2 3 
Hylocomium alaskanum 2.3 5 Draba nivalis 1.2 3 

• Editor's note: In order to save space, some tables are presented out of sequence. 
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TABLE 16 
Salix alaxensis-Shepherdia canadensis-Cladonia pyxidata 

association and its nodum 

Association 

Species CS Con 

Shepherdia canadensis 1.1 5 
Cladonia pyxidata 2.1 5 
Pyrola secunda 2.1 5 
Salix alaxensis 3.1 5 
Stereocaulon tomentosum 2.2 5 
Oxytropis campestris 2.2 5 
Trisetum spicatum 2.1 5 
Dryas octopetala 4.3 5 
Dryas drummondii 4.3 4 
Salix glauca 3.3 4 
Cetraria cucullata 3.2 4 
Oxytropis deflexa 3.1 4 
Pyrola grandiflora 2.1 4 
Cetraria pinastre 3.2 4 
Arctostaphylos rubra 3.3 3 
Astragalus alpinus 3.1 3 
Hedysarum alpinum 3.2 3 
Cetraria nivalis 2.1 3 
Peltigera aphthosa 2.2 3 
Epilobium angustifolium 3.2 7. 
Cetraria islandica 2.2 2 
C1adonia ecymocyna 2.2 2 
Thamnolia vermicularis 2.1 1 
Agropyron violaceum 2.2 1 
Arabis drummondii 2.1 1 
Aster sibiricus 5.1 1 
Astragalus nutzotinensis 2.1 1 
Betula glandulosa 2.2 1 
Carex krausei 2.2 1 
Dryas integrifo1ia 4.2 1 
Epi10bium 1atifo1ium 2.1 1 
Erigeron e1atus 4.1 1 
Minuartia rubella 1.2 1 
Minuartia stricta 2.2 1 
Poa glauca 3.2 1 
Saxifraga tricuspidata 
Solidago multiradiata 2.2 1 
Taraxacum ceratophorum 2.1 1 
Bryum sp. 
Drepanocladus revo1vens 
Pogonatum alpinum 
Rhacomitrium canescens 
Cladonia sylvatica 
Dactylina arctica 2.1 1 
Peltigera malacea 

Shepherdia canadensis
Oxytropis campestris 

nodum 

CS 

3.3 
2.1 

3.2 
1.1 

2.2 
2.4 
3.2 

2.2 

3.1 

2.4 

2.3 
2.2 
2.1 
2.2 
1.2 

2.1 
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Species 

Cetraria cucullata 
Dryas octopetala 
Pe1tigera aphthosa 
Cladonia pyxidata 
Cladonia sp. 
Dactylina arctica 
Aulacomnium palustre 
Cetraria islandica 
Minuartia arctica 

TABLE 17 

Salix glauca-Oxytropis deflexa association and its nodum 

Association 

Species 

Shepherdia canadensis 
Hedysarum alpinum 
Oxytropis deflexa 
Salix alaxensis 
Astragalus nutzotinensis 
Salix glauca 
Arctostaphylos rubra 
Populus balsamifera 
Pyrola secunda 
Sryum sp. 
Drepanocladus sp. 
Dryas octopetala 
Stereocaulon tomentosum 
Brachythecium rivulare 
Oxytropis campestris 
Epilobium latifolium 
Sa lix reticulata 
Peltigera malacea 
Dryas drummondii 
Pyrola grandiflora 
Cetraria pinastre 
Dicranum elongatum 
Trisetum spicatum 
Rhacomitrium canescens 
Cetraria tilesii 
Cetraria cucullata 
lIylocomium alaskanum 
Picea glauca 
Pyrola asarifolia 
Hedysarum mackenzii 
Dactylina arctica 
Arabis drummondii 
Corallorhi za trifida 
Epilobium angustifolium 
Erigeron elatus 

CS Con 

1.1 5 
2.1 5 
2.1 5 
2.1 5 
2.1 5 
3.2 5 
2.3 5 
2.1 5 
2.1 4 
2.3 3 
2.2 3 
4.3 3 
2.2 3 
2.2 3 
3.2 3 
2.2 2 
4.3 2 
2.2 2 
6.4 2 
3.1 2 
2.2 2 
2 .2 1 

2.2 1 
2.2 1 
2.1 1 
2.2 1 
1.1 1 
2.1 1 
2.3 1 
2.1 1 

2.1 1 

TABLE 20 

Hedysarum alpinum
Oxytropis deflexa 

nodum 

CS 

2.2 
6.2 
4.2 

2.3 
3.3 

2.3 
2.1 

2.1 

3.1 
2.1 

Dryas octopetala-Cetraria cucullata association 

CS Con Species CS Con 3pecies 

2.1 5 Thamnolia Poa arctica 
4.2 5 vermicularis 3.1 4 Stellaria monantha 
2.2 5 Equisetum scirpoides 2.1 4 Stereocaulon 
2.1 5 Carex podocarpa 3.1 4 tomentosum 
2.2 5 Dicranum e10ngatum 2.3 3 Cassiope tetragona 
2.1 5 Tomenthypnum nitens 3.4 3 Hierochloe alpina 
2.1 5 Alectoria ochroleuca 5.3 3 Polygonum bistorta 
3.2 5 Rhacomitrium Petasites frigidus 
1.2 5 canescens 3.3 3 Polygonum viviparum 

Saxifraga bronchialis 2.2 5 Rhacomitrium Cornicu1aria 
Polytrichum lanuginosum 4.3 3 acu1eata 

juniperinum 3.1 5 Stereocaulon alpinum 3.2 3 Antennaria 
Hylocomium alaskanum 4.3 4 Carex capillaris 2.3 3 monocepha1a 
Salix reticu1ata 3.2 4 Salix polaris 4.2 3 Empetrum nigrum 
Drepanocladus Saxifraga davurica 2.2 3 Luzula tundrico1a 

revo1vens 3.2 4 Silene acaulis 2.4 3 Pedicularis kanei 
Pe1tigera ma1acea 2.2 4 Rhacomitrium Psoroma hypnorum 
Pedicu1aris capitata 2.1 4 heterostichum 2.2 3 
Salix arctica 4.2 4 Artemisia arctica 1.1 2 
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CS Con 

2.1 2 
1.1 2 

3.2 2 
2.3 2 
2.1 2 
2.1 2 
2.1 2 
1.1 2 

1.2 2 

2.2 2 
2.3 2 
2.1 2 
1.1 2 
1.3 2 
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TABLE 19 

Dryas octopetala-Shepherdia canadensis association and the Arctagrostis 
latifolia-Poa arctica, Epilobium latifolium-Brachythecium turgidum, 

Poa lanata-Artemisia tilesii nod a 

Species 

Epi10bium 1atifo1ium 
Salix a1axensis 
Shepherdia canadcnsis 
Dryas octopeta1a 
Popu1us ba1samifera 
Salix reticu1ata 
Dicranum e10ngatum 
Trisetum spicatum 
Stereocau1on tomentosum 
Bryum sp. 
Pe1tigera ma1acea 
Sa1ix polaris 
Artemisia ti1esii 
Astragalus nutzotinensis 
Sa1ix glauca 
Agropyron vio1aceum 
Rhacomitrium canescens 
Cetraria ti1esii 
Arctostaphylos rubra 
Hedysarum a1pinum 
Cetraria cucu11ata 
Erigeron humi1is 
Poa glauca 
Festuca brachyphy11a 
Brachythecium rivu1are 
Picea glauca 
Pyro1a asarifo1ia 
Arctostaphylos uva-ursi 
Dryas integrifo1ia 
Equisctum variegatum 
Parnassia kotzebuei 
C1adonia pyxidata 
Poa a1pina 
Poa 1anata 
Solidago mu1tiradiata 
Oxytropis def1exa 
Drepanocladus sp. 
Pyro1a secunda 
Oxytropis campestris 
Hy1ocomium a1askanum 
Anemone parvif10ra 
Dryas drummondii 
Ilcdysarum mackenzii 
Agropyron borea1e 
Antennaria iso1epis 
Arctagrostis 1atifo1ia 
Cerastium beeringianum 
Crepis nana 
Gentiana propinqua 
Koenigia is1andica 
Popu1us tremu10ides 
Saxifraga oppositifolia 
Silene acaulis 
Brachythecium turgidum 
Bryoerythrophyllum 

recurvirostrum 
Bryum cuspidatum 
Ditrichum f1exicau1e 
Drepanoc1adus uncinatus 
A1ectoria ochroleuca 
Poa arctica 

D. 
octopetala

S. canadensis 
assoc. 

CS Con 

2.1 
2.1 
2.1 
3.3 
2.1 
3.2 
2.3 
2.2 
2.2 
2.3 
2.2 
2.2 
2.2 
2.1 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.1 
2.1 
2.2 
2.3 
2.2 
1.1 
2.1 
2.2 
4.3 
2.3 
2.1 
2.1 
2.2 
2.3 
2.2 
2.1 
2.2 
2.1 
2.1 
2.2 

5.3 
1.3 

2.1 

1.1 
1.3 
1.3 

2.2 

5 
5 
5 
5 
5 
5 
5 
4 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 

1 

1 
1 
1 

1 

A. 
latifolia

P. arct;ca 
nodum 

CS 

2.2 
1.1 

2.2 

1.1 

2.2 

2.1 
2.2 
2.3 

3.3 
1.2 

2.3 

E. 
latifolium-
B. turgidum 

nodum 

CS 

7.4 

2.1 

2.1 

1.2 

2. 1 

2.1 

2.1 

3.1 

5.4 

2.3 
2.3 
2.3 
2.2 

P. 

lanata
A. 

tilesii 
nodum 

CS 

2.1 

2.3 

2.1 

2 . 1 
5.1 

2.1 

2.1 
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TABLE 21 

Dryas octopetala- Vaccinium uliginosum, Stereocaulon tomentosum-Cladonia 
pyxidata, Festuca altaica-Lupinus arcticus noda 

Species 

D. 
octopetala

V. 
u/iginosum 

CS Con 

Cetraria cucullata 2.1 5 
Dryas octopetala 5.3 5 
Peltigera aphthosa 
Hylocomium alaskanum 2.1 3 
Cetraria islandica 2.2 3 
Salix reticulata 3.2 5 
Cladonia pyxidata 2.1 3 
Cladonia sp. 3.2 5 
Dactylina arctica 1.1 3 
Drepanocladus revolvens 2.2 5 
Peltigera malacea 2.2 5 
Pedicular is capitata 2.1 3 
Salix arctica 3.2 5 
Dicranum elongatum 
Minuartia arctica 
Tomenthypnum nitens 
Thamnolia vermicularis 2.1 3 
Saxifraga bronchial is 
Vaccinium uliginosum 4.3 5 
Artemisia arctica 
Poa arctica 
Stellaria monantha 
Rhacomitrium canescens 
Stereocaulon tomentosum 2.1 3 
lIierochloe alpina 2.1 5 
Anemone parviflora 2.1 5 
Calamagrostis purpurascens 2.1 5 
Festuca baffinensis 
Kobresia myosuroides 2.2 5 
Potentilla fruticosa 1.2 5 
Pyrola grandiflora 
Bryoerythrophyllum rccurvirostrum 1.3 5 
Distichum capillaccum 1.3 5 
Mnium orthorrhynchum 1.3 5 
~yurella julacea 1.3 5 
Cladonia chlorophaca 
Carex lachenalii 
Cerastium beeringianum 
Festuca altaica 
Hcdysarum alpinum 1.1 3 
Lupinus arcticus 
Saxifraga rivularis 
Saxifraga tricuspidata 2.1 3 
Stellaria lacta 
Anthelia juratzkana 
Brachythecium turgidum 
Sryum sp. 1.3 3 
Conostomum tetragonum 2.1 3 
Grimmia apocarpa 2.2 3 
Kaieria glacial is 2.2 3 
Cladonia cariosa 
Cladonia phyllophora 
Lccidea macrocarpa 
Parmclia sp. 1.2 3 

S. tom
entosum 

C. 
pyxidata 

CS Con 

2.1 3 

2.1 3 

2.1 3 

2.1 3 
3.2 5 

2.2 5 

2.3 5 
2.1 5 

1. 2 3 

2.1 5 
2.1 5 
1.1 3 
2.3 5 
6.3 5 

2.1 5 

3.1 5 

2.3 3 

2.1 3 

3.2 3 
2.1 3 

1.1 3 

1.1 3 

F. 
a/laica

L. 
arcticus 

CS 

2.1 
4.2 

4.4 

2.1 
2.2 
1.3 
2.1 

2.3 

2.2 

2.1 
2.1 

2.1 

1.1 

6.4 

3.2 

2.1 

1.1 
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TABLE 22 

Carex aquatilis-Aulacomnium palustre association and 
Cassiope tetragona- Vaccinium uliginosum nodum 

Species 

Dryas octopetala 
Peltigera aphthosa 
Hylocomium alaskanum 
Salix reticulata 
Aulacomnium palustre 
Tomenthypnum nitens 
Carex aquatilis 
Cetraria cucullata 
Cetraria islandica 
Cladonia pyxidata 
Salix arctica 
Dicranum elongatum 
Thamnolia vermicularis 
Equisetum scirpoides 
Vaccinium uliginosum 
Cassiope tetragona 
Polygonum bistorta 
Cetraria richardsonii 
Pyrola secunda 
Au1acomnium turgidum 
Dicranum fuscescens 
Dacty1ina arctica 
Drepanocladus revolvens 
Pedicularis capitata 
Polytrichum juniperinum 
A1ectoria ochroleuca 
Ste11aria monantha 
Rhacomitrium 1anuginosum 
Stereocau1on a1pinum 
Petasites frigidus 
Polygonum viviparum 
Pyro1a grandiflora 
Cornicu1aria aculeata 
Betula glandu10sa 
Carex bige10wii 
Eutrema edwardsii 
Saussurea viscida 
Saxifraga hieracifo1ia 
Tofie1dia pusi11a 
B1epharostoma trichophy11um 
Gymnoco1ea sp. 
C1adonia ecymocyna 
C1adonia rangiferina 

TABLE 23 

C. aquatilis
A. pa/ustre 
association 

CS Con 

2.2 5 
2.1 5 
4.3 5 
4.2 5 
5.4 5 
3.2 5 
6.2 5 
2.1 4 
2.1 4 
2.1 4 

3.3 4 

2.1 4 

2.1 4 
3.2 4 

2.1 4 

2.1 2 
2.2 2 
2.1 2 
2.1 2 
2.1 2 
2.1 2 

2.1 2 

1.1 2 

1.1 2 

2.1 2 
2.1 2 

C. 
tetragona

V. 
uliginosum 

nadurn 

CS Con 

3.2 5 
2.1 5 
5.4 5 
2.1 3 

1.1 3 
3.2 5 
3.2 5 

3.1 5 

3.1 5 

5.3 5 
5.4 5 

2.1 3 
2.1 5 

2.2 5 
3.1 3 
5.2 3 
2.1 3 

3.1 5 
1.1 3 
3.3 3 
3.2 3 
2.1 3 
1.1 3 
2.1 3 
2.1 3 

2.1 3 

2.1 3 

1.1 3 
1.4 3 
1. 4 3 

Salix polaris-Hylocomium alaskanum association 

Species CS Con Species CS Con Species CS 

Artemisia 3rctica 2.1 Cal l iergon Dicranum elongatum 3.3 
lIylocomium a laskanum 3.3 sarmentosum 3.2 Cetraria islandica 1.1 
Pel tigera malacea 2.2 Lobaria linita 3.3 Silene acaulis 1.3 
Cladonia pyxiiJata 2.1 Oxyria digyna 2. 1 Anemone parvi flora 3.1 
Stereocaulon Tomenthypnum n i tens 4.4 Salix reticulata 5.2 

alpinum 2.1 Petasites frigidus 2.1 Sax i fraga davurica 2.2 
Poa 3rct ica 2.1 POlygonum viviparum 2.1 Corydalis paucifloru5 2.1 
Sal ix polaris 5.2 Ca rdamine BTyum 
Aulacomnium palustrc 3 .2 bellidifo1ia 2.1 pseudot r ique t rUII 3.2 
Antennaria Saxi fraga punctata 1.1 Castilleja hyperborea 1.1 

monocephala 2.1 Dicranum fuscescens 3.2 Cornicularia 
Stellaria monantha 2 .1 Cladonia sr · 2.2 aculea ta 2.2 
Ca rcx pocloC3rpa 4.2 Ranunculus ni val i s 3.1 Saxi fraga 
Dactyl ina arct ica 2.1 Drepanocladu5 bronchialis 2.2 
Peltigera aphthosa 3.2 revol vens 3.2 Br3chythecium 
Polytrichum Rhacomitrium turgidum 3.1 

j uniperi num 2.1 canescens 3.3 2 
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TABLE 24 

Petasites frigidus-Aulacomnium palustre association, Cassiope tetragona
Aulacomnium palustre, and Bryum pseudo triquetrum

Aulacomnium palustre noda 

Species 

Aulacomnium palustrc 
Tomenthypnum nitens 
Equisetum scirpoides 
Salix polaris 
Hy1ocomium a1askanum 
Po1emonium acutif10rum 
Petasites frigidus 
Anemone richardsonii 
Stel1aria monantha 
Valeriana capitata 
Bryum pseudotriquetrum 
Peltigera aphthosa 
Carex podocarpa 
Salix reticulata 
Drepanoc1adus revolvens 
Po1 ygonum bistorta 
Ca11iergon sarmentosum 
Carex lachena1ii 
Senecio atropurpureus 
Artemisia arctica 
Equisetum arvense 
~lnium rugicum 
Mertensia panicu1ata 
Anemone parvif10ra 
C1aytonia sarmentosa 
Carex aquati1is 
Saxifraga punctata 
Carex bigelowii 
Pedicularis capitata 
Ste11aria edwardsii 
Drepanoc1adus uncinatus 
Drepanoc1adus sp. 
Draba hirta 
Dryas octopeta1a 
Poa arctica 
Ranunculus sulphureus 
Brachythecium turgidum 
Dicranum fuscescens 
Pe1tigera malacea 
Arahis lemmoni 
Arctagrostis poaeoides 
Carex membranacea 
Cassiope tetragona 
Chrysosp1enium tetrandrum 
C1aytonia bostockii 
Equisetum variegatum 
Rumex arcticus 
Saxifraga davurica 
Saxifraga serpy11ifo1ia 
Vaccinium u1iginosum 
Ca11iergon turgescens 
Dicranum e10ngatum 
Orthocau1is quadri10bus 
Pa1ude11a squarrosa 
Spheno1obus minutus 
Dacty1ina arctica 
Pe1tigera canina 

P. 
frigidus

A. palustre 
association 

CS Con 

5.4 5 
3 . 3 5 
2.1 5 
2.1 5 
4.3 5 
2.1 4 
4.1 4 
2.1 4 
2.1 4 
2.1 3 
3.1 3 
2.2 3 
2.1 2 
4.2 2 
3.2 2 
3.1 2 
2.2 2 

2.1 2 
2 . 1 1 
2.1 1 
2.1 1 
2.1 1 

2.1 1 
5.1 1 
2.1 1 
2.1 1 
2.1 1 
2.1 1 

2.1 1 
2 .2 1 
2.1 1 
2.1 1 

2.3 1 
2.1 1 

4.1 1 

2.1 1 

4.2 1 
2.1 1 

2 . 1 1 

2.3 1 
2.1 1 
2.2 1 

B. pseudo
triquetrum

A. 
palustre 
nodum 

CS Con 

2 . 2 5 
2 . 2 5 
2.1 3 

2.2 5 
2.1 5 
2.1 3 
2.1 3 

4.3 5 

4.4 3 

2.1 5 

2.1 5 

2.1 3 
5.1 3 

5.2 3 

2.3 3 
6.5 3 

4.4 3 

3.1 3 
3.1 3 

2.1 3 

3 . 1 3 

4.4 3 

6.4 3 

C. 
tetragona

A. 

palustre 

CS 

4 . 3 
3.3 
2.1 

1.2 

2.1 

2.1 

1.1 

2.2 

3.2 

4.2 

6.3 

2.1 

2.2 

4.3 
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TABLE 25 

Arctagrostis latifolia-Equisetum arvense association and Artemisia 
tilesii-Mertensia paniculata, Salix alaxensis-Artemisia arct;ca, 

Sal;x glauca-Artem;s;a arct;ca noda 

Species 

Polemonium acutiflorum 
Equisetum arvense 
Arctagrostis latifolia 
Petasites frigidus 
Valeriana capitata 
Artemisia arctica 
Carex podocarpa 
Mcrtensia paniculata 
Anemone richardsonii 
Bryum pseudotriquetrum 
Salix polaris 
~'lnium rugicum 
Claytonia sarmentosa 
Saxifraga punctata 
Trisetum spicatum 
Salix reticulata 
Myosotis alpestris 
Stellaria edwardsii 
Drcpanocladus uncinatus 
Aconitum delphinifo1ium 
Aulacomnium palustre 
Tomenthypnum nitcns 
Equisetum scirpoides 
Anemone parvif10ra 
Carex aquatilis 
Drepanoc1adus revolvens 
Carex bige10wii 
Oxyria digyna 
Pedicularis capitata 
Po1ygonum bistorta 
Rubus arcticus 
Veronica wormskjo1dii 
Ca11iergon sarmentosum 
Drepanocladus sp. 
Artemisia ti1esii 
Draba hirta 
Erigeron eriocepha1us 
Pedicularis sudetica 
Poa arctica 
Ranunculus sulphureus 
Brachythecium turgidum 
Dicranum fuscescens 
Delphinium glaucum 
Dodecatheon frigidum 
Empetrum nigrum 
Epilobium anagallidifolium 
Epilobium angustifolium 
Epilobium 1atifolium 
Luzula parvif10ra 
Poa lanata 
Polygonum viviparum 
Potent ilia diversifolia 
Saxifraga lyallii 
Sedum rosea 
Solidago mu1tiradiata 
Stel1aria longipes 
Zygadcnus e1egans 
Brachythecium rivulare 
Ilryum sp. 
Pohlia cruda 
Pohlia nutans 
Polytrichum junipcrinum 
Preissia quadrata 
Rhacomitrium hcterostichum 
Salix alaxcnsis 
Salix glauca 

A. 
latifolia

E. 
arvense 

association 

CS Con 

2.1 5 
3.1 5 
4.1 5 
3.2 4 
2.1 5 
3.1 4 
3.1 4 
2.1 5 
3.1 3 
4.2 4 
2.1 4 
3.1 3 
2.1 3 
2.1 3 
2.1 3 
5.3 3 
2.1 3 
2.1 3 
3.2 3 
3.1 3 
5.4 2 
3.4 2 

4.1 2 
3.1 2 
2.1 2 
3.1 2 
2.1 2 

3.1 2 

2.1 2 

1.1 2 

1.1 2 

2.2 2 

5.2 2 

2.1 2 
3.1 2 
4.2 2 

6.3 2 

2.1 . 2 

A. 
tilesii

M. 
paniculata 

nodum 

CS 

2.1 

2.1 
3.1 
2.1 
3.1 
3.1 
3.2 

3.2 

4.2 

2.1 

7.4 

1.1 

2.3 

2.1 

2.1 

2.1 

4.2 
2.1 
2.1 

3.2 

S. 
alaxensis

A. 
arctica 
nodum 

CS 

2.1 
2.1 

2.1 
4.1 

2.1 

2.1 
4.1 

3.1 
2.1 
2.2 

2.1 

1.1 

3.1 

1.2 

1.2 

7.1 

S. 
glauclr

A. 
arctica 
nodum 

CS 

3.1 

3.1 
2.1 
2.1 
3.2 
5.1 

6.2 
2.1 

3.1 
3.1 

2.1 
2.1 

2.1 
2.1 

2.2 

2.1 
2.1 
2.1 
2.1 
2.1 

2.1 
2 .1 

1.1 

1.1 

3. 1 
5.2 
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The Effect of Snow Duration on Alpine Plant 
Community Composition and Distribution 

Richard W. Scott* 

ABSTRACT. Depth and duration of snow in the middle alpine zone of Chitistone Pass, Alaska were found 
to be important agents affecting the composition of vegetation. Environmental factors influenced or modified 
by snow cover include length of growing season, exposure to wind, maintenance of a high permafrost table 
and low soil temperatures, and supply of soil and surface water during and after snow melt. In protected areas, 
early snow melt is favorable for alpine plant species and provides for a long growing season. In exposed areas 
subject to wind scour, it has the effect of limiting a number of species lacking adaptations to the severe early 
season climate. Late snowbed areas are characterized by a paucity of species due to short growing season and 
intense frost disturbance. Because of the selective effect of snow cover on plant species, vegetation patterns 
are considered to be reliable indicators of snow duration. 

Introduction 

If one has the opportunity to observe the recession of 
snow in the alpine zone, it soon becomes apparent that 
snow depth and duration have a profound effect on the 
distribution of vegetation. This is especially obvious in 
the Chitistone Pass area in the southeastern Wrangell 
Mountains, Alaska where snowmelt patterns and vegeta
tion patterns bear close resemblance. The effect of snow 
cover becomes even more noticeable with increased ele
vation due to a strong reduction in the length of the 
growing season and is especially evident near the upper 
limits of vegetation. 

At 1774 m, Chitistone Pass (Figs. 1,2) provides good 
sites to investigate the effects of snow on vegetation. The 
pass is near the upper limits of vegetation, and topo
graphic expression and substrate composition are such that 
vegetation patterns are not greatly limited by features 
such as talus or fellfields. An important feature is the 
north-south orientation of the Pass with resultant de
position of snow by winds channeled along the moun
tain slopes bordering the pass. Through the combined 
action of wind and topography, the melt patterns vary 
little from year to year, although duration may differ, 
depending on the prevailing macroclimatic patterns. 

In this portion of the study, snowmelt patterns were 
mapped throughout an area measuring 492 m X 154 m 
(Fig. 2). Following each mapping a panoramic series of 
photographs (Fig. 3) was taken of the pass from an e~
tablished station at 2030 m on the east slope of Mt. 
Wolverine (Plate 2).1 As sites were exposed following 
snow melt, sample plots were established in the middle 
of the representative zones defined by Fig. 2. Near the 
end of the field season, transects were established across 
the snowmelt zones and plots one meter square were 

*Department of Biology, Albion College, Albion, Michigan 
I Plate 2 is a map inside the back cover of this volume. 

sampled along the transects. Sampling was systematic in 

that all plots were placed in the middle of snowmelt 
zones. Zones were identified on the basis of snowfree 
days from the earliest date of snowmelt in the study area 
until the date of the last mapping. The period of melting 
extended from late May through early August. Snowfree 
days should be interpreted as providing a relative time 
scale only. They obviously will vary from year to year 
within fixed limits determined by summer climate and 
are not intended as absolute designations of growing sea
sons. 

Environmental factors influenced by depth of snow 
and resultant duration include length of growing season, 
exposure to wind, maintenance of high permafrost table 
and low soil temperatures, and supply of soil and surface 
water during and after snowmelt. Prolonged duration of 
snow results in protection from low temperatures during 
the early growing season and protection from mechanical 
injury due to blowing ice crystals. Harshberger (1929) 
mentions, in addition, the increase in air temperature due 
.to reflection of heat from the snow surface and the 

Fig. 1. Vertical aerial photograph ot Chitistone Pass, Alaska. 
Area of snow duration studies is outlined. 
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Fig. 2. Map of snow recession , Chitistone Pass, Alaska, 1968 . 

fertilizing effect of snow in bringing airborne dust parti
cles to the ground. Billings and Bliss (1959) attribute mi
crozonation of alpine species and vegetation patterns to 
adaptations to depth and duration of snow cover. Warren 
Wilson (1958) suggests the latter as a mechanism increas
ing soil nitrogen through accumulation of particulate 
matter on snowbanks. Certain species (for example, Ra
nunculus nivalis in our area) may begin growth under the 
snow (Mooney and Billings, 1960). Others, in the latest 
zones, must complete vegetative growth in a short period 
of time. Some may remain under the snow for two or 
more years (Bliss, 1962) in a dormant state. Carbohy
drate reserves in roots and rhizomes permit this survival 
(Bliss, 1962; Mooney and Billings, 1960), which would 
not occur in plants lacking these adaptations. 

Plants which occur in areas of prolonged snow dura
tion are referred to as chionophilous, while those of sites 
that are snowfree early in the season are chionophobous 
(Harshberger, 1929). Nordhagen (1952) also distinguishes 
perchionophilous species, which are restricted to sites 
with prolonged snow cover. Initial observations of the 
Chitistone Pass vegetation indicate that such species can 
also be distinguished in our area. 

Ordination 

The process of ordination is based on the coefficient of 
similarity (Bray and Curtis, 1957), a modification of 

Jaccard's (1912) coefficient of community, which com
pares the species composition of sample plots and is de
termined by the formula c = 2w/(a + b), where w = the 
number of species shared by two plots, a = the total 
number of species in one plot, b = the total number of 
species in the second plot. By this method each plot in a 
sample is compared to all other plots, the number of 
comparisons being equal to N(N - 1 )/2. This gives a 
value of similarity in the range of 0 to 1 where c = 0 for 
totally dissimilar plots and c = 1 if they are identical. 

Similarity coefficients are converted to dissimilarity 
coefficients (Cd) by subtracting them from the maximum 
value of 1.0 (identity). Ordination distance thus repre
sents spatial differences between plots based on how dis
similar they are, rather than how similar they are. The 
units of this distance reflect dissimilarity in species com
position. 

Dissimilarity coefficients are included in a matrix 
showing comparisons of each plot with every other plot. 
From the matrix the plot pair with the greatest dissimi
larity coefficient is selected. These two stands form the 
end points on the x-axis. All dissimilarity values associat
ed with each plot are totaled. The plot with the highest 
total, a, is assigned to the 0 location on the axis; the x
axis ordinate, b, of the second stand corresponds to the 
dissimilarity value for a and b. The positions of the re
maining stands on the x-axis are determined by the 
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Fig. 3. Panorama of Chit is tone Pass, Alaska. Snowmelt patterns pictured are : (a) early (June 18); (b) intermediate (July 17 ); and (c) late 
(August 3). 

formula p = (L 2 + Da2 - Db2 )/2L , where L = dissimilarity 
between a and b, Da = dissimilarity between a and stand 
to be plotted, Db = dissimilarity value between band 
stand to be plotted. For smaller samples, the intersecting 
arc method originally proposed by Bray and Curtis 
(1957) can be used. 

Since x-axis positions are projections from some point 
in space onto the ordinate, they account for variation in 
one dimension only. Therefore, a y-axis is constructed so 
that variation can be shown in a second dimension. Ordi
nates on the y-axis are based on the poorness-of-fit value 
for stands plotted on the x-axis and are determined by 
the formula e = VDa 2 - p2. The stand with the highest 
e value is designated a' and located at 0 on the y-axis. 
The stand with the greatest dissimilarity to a' and located 
within 0.1 L on the x-axis is designated b' and placed at 
the proper ordinate. This restriction on the x-axis dis
tance between a' and b' serves to orient the y-axis nearly 
perpendicular to the x-axis (Beals, 1960). 

The distance, p', of each stand from a' on the y-axis is cal
culated by the formula p' = [(L')2 + (Da')2 - (Db')2) /2L, 
where L' = dissimilarity value between a' and b', Da' = 
dissimilarity value between a' and stand to be plot-
ted, Db' = dissimilarity value between b' and stand to be 
plotted. The resulting x and y coordinates provide a two-

dimensional spatial pattern of sample data based on 
species composition . 
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Fig. 4 . Ordination of plots sampled in the snowmelt study area. 
Associations and nodum based on these plots are listed in Table 1. 
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Fig. 5. Regression of ordination x-axis against snowfree days. 
Slope of regression line = 0.7478; y·intercept = 0.4; correlation 
coefficient = 0.7834. 

The two-dimensional ordination pattern of sample plots 
is shown in Fig. 4. Snowfree days for each of the plots 
were compared to this pattern to see if any relationship 
existed. Visual comparison did indicate a significant rela
tionship-the x-axis endpoint plots 132 and 96 occurred 
in zones that were snowfree 0 days (last mapping) and 
70 days (longest snowfree zone), respectively. Those 
plots closest to 132 (130, 131) were in 6-day snowfree 
zones, and those closest to 96 (97, 98, 99) were in 70-
day snowfree zones. On the y-axis, the endpoints were 
plots 125 and 113 (35 snowfree days for both), with 
plot 114 (6 snowfree days) positioned approximately in 
the middle. Obviously, y-axis variation bears little linear 
relationship to snow duration. Regression of snowfree 
days against x-axis variation shows that most of the varia
tion in species composition can be accounted for quite 
well by duration of snow (Fig. 5). The correlation coeffi
cient here is 0.7834. Correlation with the y-axis, on the 
other hand, is not especially significant (correlation co
efficient = 0.5050). 

Graph Clustering 

The technique of graph clustering (Estabrook, 1966; 
Scott, pp. 284-286, this volume) was used to examine the 
following two questions: (1) Are c values from different 
sites in the study area, but from the same snowfree zone, 
more similar to each other than to those of adjacent 
plots? (2) If so, can associations be defined which are 
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indicative of a particular environment limited by duration 
of snow? The results are presented in Figure 6. The clus
ter configuration agrees well with that obtained in ordi
nation. The most dissimilar plots, on the basis of species 
composition and snow duration, are the most widely 
separated. The dissimilar plots are connected by the large 
group of plots occurring in intermediate snowmelt zones 
with 25-58 snowfree days. Perfect correlation was not 
found, but could hardly be expected because of the arti
ficialness of the snowfree-day designations. The trend, 
however, shows a distinct change in species composition 
in relation to snow duration. Most of the overlap occurs 
in those sites of intermediate snow duration . 

plant Communities and Snow Duration 

On the basis of graph clusters, five associations and one 
nodum were designated in the snowmelt study area 
(Table 1). The following discussion examines each rela
tionship in order to determine the effect of snow dura
tion on species composition. 

Sites where the earliest snowmelt occurs are usually 
characterized by a dense mat of species making up the 

Fig. 6. Graph clusters of snow melt plots. Upper clusters include 
plots in the 0-31 snowfree.oay range; intermediate clusters in
clude the 25-58 snowfree.oay range; lower clusters include the 
64-70 snowfree.oay range. Associations and nodum based on 
these plots are in Table 1. 
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TABLE 1. Synopsis of Vegetation Types in the 
Snowmelt Study Area 

Number of 
vegetation Vegetation units and numbers of snowfree days 

unit 

2 

3 

4 

5 

6 

Salix reticulata-Carex podocarpa association 

Snowfree range = 64-70 days 

Cladonia rangiferina-Rhacomitrium lanuginosum 
association 

Snowfree range = 35-58 days 

Salix polaris-Cetraria islandica association 

Snowfree range = 31-48 days 

Rhacomitrium canescens-Dicranoweisia cirrata 
association 

Snowfree range = 18-31 days 

Carex lachenalii-Oxyria digyna association 

Snowfree range = 25-31 days 

Kaieria glacialis-Grimmia alpicola nodum 

Snowfree range = 0-6 days 

Salix reticulata-Carex podocarpa association (Fig. 7). 
Such sites in the Chitistone area occur on steep east-and 
southeast-facing slopes which are snowfree in late May. 
The slopes are well irrigated by surface meltwater early 
in the season. Slopes on which this association are found 
are typically sunny and warm, so they receive longer and 
more direct insolation. Consequently, vegetation-air 
boundary temperatures are often 16°C greater than air 
(shelter) temperature. Wind velocities at the vegetation
air boundary on these slopes are generally lower than at 
the sites where snowmelt occurs later. 

In regions at lower elevations the S. reticulata-G. podo
carpa plant community is found on a variety of slopes 
and exposures, all of which are snowfree early in the sea
son. Soils on which this plant community occurs in the 
Chitistone area are typically azonal, although rudimen
tary promes were noted at some sites. At lower elevations 
upland tundra soils are usually associated with this type 
of plant community; because of relatively shallow soils, 
meltwater saturation, and slope angle, solifluction ter
races commonly occur. 

Graph clustering shows the highest similarity coeffi
cient of this association to others to be represented by a 
0.5074 connection to the Cladonia rangiferina-Rhacomi
trium lanuginosum plant community which occurs at 
sites that were snowfree for 35-58 days. The clustering 
process also reveals subtle differences within the plant 
community which reflect site differences. Plots 98-101 , 
for example, are on exposed, well-drained benches along 
the slope with shallow (15-cm deep) lithosols. Species 
such as Antennaria monocephala, Aulacomnium turgi
dum, Cetraria cucullata, G. islandica, Dryas octopetala, 
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Luzula tundricola, L. spica ta, L. multiflora, and Minuartia 
arctica are typical of the benches. All these species, which 
occur in later snowmelt zones are also found in the more 
exposed associations on the floor of the pass. 

The most common and widespread vegetation type in 
the Chitistone Pass area is the Cladonia rangiferina-Rha
comitrium lanuginosum association (Fig. 8). It occurs in 
those zones where the growing season is 35-58 days. It 
is typical of well-drained and exposed sites. The snow 
melts earliest on the summits of structural knobs where 
the soil is a thin, stony mantle. Later melt zones are on 
moderate slopes where the soils are deeper and have 
poorly developed A-C profiles. 

Frost boils are the most common frozen-ground fea
ture in the later snowmelt zones. There are indications 
that these features are formed through a cyclical process 
much like that observed by Billings and Mooney (1959). 
Early in the season immediately following snowmelt, the 
frost table is at the vegetation-soil interface and high 
winds occasionally cause erosion of the mat. Needle-ice 
formation (Outcalt, 1970) provides a mechanism for en
largement of these features. In older features several 
mosses, particularly Rhacomitrium lanuginosum, are able 
to creep out over the frost boil, eventually providing 

Fig. 7. Salix reticulata-Carex podocarpa association: (a) Protect
ed sites where Salix reticulata is dominant (sample plot 96) ; (b) 
Slope benches where Dryas octopetala and Luzula spp. increase 
in cover (sample plot 101). 
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Fig. 8. Chit is tone Pass uplands: (a) Clado nia rangiferina-Rhacomitrium lanuginosum associa
tion; (b) Salix polaris-Cetraria islandica assoc iation; (c) Rhacomitrium canescens-Dicrano
weisia cirrata associa tion; (d ) Carex lachenalii-Oxyria digyna assoc ia tion ; (c) Kaieria glacialis
Grimmia alpicola nodum. 

stabilization. Lack of coarse materials prevents develop
ment of the sorted stage mentioned by Billings and 
Mooney (1959). 

Overlapping in time with the preceding vegetation type 
is the Salix polaris-Cetraria islandica association (Fig. 8) . 
It occurs at sites which are snowfree 31-48 days. This 
vegetation type occupies somewhat more protected areas 
on moderate slopes than does the preceding one. Soils 
vary from upland tundra on moderately drained sites to 
meadow tundra near meltwater channels. On the banks 
of these channels there are shifts in the composition of 
the vegetation reflected in an increase in species number 
and the presence of such plants as Petasites frigidus and 
particularly the hydrophytic mosses like Drepanocladus 
uncinatus, Hypnum cupressiforme, Mnium hymenophyl
lum, Sphenolobus minutus, and others. 

Well-drained areas where there are 18-31 snowfree days 
support the Rhacomitrium canescens-Dicranoweisia cir
rata association (Fig. 8). The vegetation of such areas can 
best be described as patchy-varying from 100% to al
most no cover. Frost action is intense, and various pat
terned ground features dominate the landscape. Most 
common are sorted polygons and nets on nearly level 
surfaces, and stone stripes on slopes. Soils are azonal 
lithosols. Within this association there is a definite drop 
in the number of species from 39 in the zone with 31 
snowfree days to 18 in the zone with 18 snowfree days. 
This is the result of a tapering off of vascular plants from 
26 to 6 (Cardamine bellidifolia, Luzula arctica, L. tun
dricola, Minuartia bi/lora, Oxyria digyna, and Poa arcti
ca). Lichens and bryophytes found within this associa
tion are Andrea rupestris, Antheliajuratzkana, Candel
ariella sp., Cetraria islandica, Dactylina arctica, Dicrano
weisia cirrata, Drepanocladus uncinatus, Grimmia apo
carpa, Gymnomitrion apiculatum, Polytrichum juniperi
num, Rhacomitrium canescens, and Stereocaulon 
tomentosum. All of these are typical of high stress areas 
and unstable surfaces. 

The Carex lachenalii-Oxyria digyna association (Fig. 
8) occurs in a region with 25-31 snowfree days, approxi
mately the same snowmelt zone as for the preceding as
sociation. The association discussed here, however, is 
typical of meltwater channels which are well irrigated 
throughout most of the short growing season. Soils are 
saturated and have a thin organic A horizon wherever 
they are covered by dense vegetation mats. With the ex
ception of the constant species (C. lachenalii, Claytonia 
sarmentosa, O. digyna, Poa arctica, and Saxifraga punc
tata), the vegetation is quite variable. Coarse rock sub
strates, for example, support Anthelia juratzkana, Lo
baria linita, Rhacomitrium canescens, and Stereocaulon 
tomentosum, which do not occur where extensive, 
water-retaining mats of Aulacomnium palustre, Bryum 
pseudo triquetrum, or Philonotis tomentella have devel
oped. 

The Kaieriaglacialis-Grimmia alpicola nodum (Figs. 8, 
9) is representative of the vegetation occurring in the 
areas of longest snow duration (0-6 snowfree days) . 
Such sites have an extremely sparse vegetation cover. 
Soils are azonal with no organic-matter accumulation. 
Frost disturbance is intense, and the plants of this zone 
are shallowly rooted and most commonly "float" on a 
ball of soil incorporated in the root or rhizoid mass. The 
vegetation is poor in species and varies from 0 to 12 
species/m2. A distinct gradient in species composition is 
obvious in such areas. The outer limits of the zone (6 
snowfree days) have the largest number of species (7-
12); those in closest proximity to the snowbanks (0 
snowfree days) have very scattered polsters.ofDrepano
cladus uncinatus, Grimmia alpicola, and Kaieria glacialis. 
No species were found to be restricted to this zone; all 
those present were also found in other zones. It is con
cluded that the species found in this zone have the great
est tolerance for the high environmental stresses encoun
tered here. 
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Fig. 9. Late snow melt area: Kaieria glacialis-Grimmia alpicola 
nodum. 

The Effects of Snow 

Permafrost and patterned ground. During the course 
of the snowmelt studies, a number of observations were 
made on the relationship between patterned ground (pri
marily frost boils) and vegetation in the Ciadonia rangi
ferina-Rhacomitrium lanuginosum association. The in
tensity of surface disturbance in the frost boils appears 
to be greatest in the first few days following snowmelt. 
During this time the seasonal frost table is high and the 
presence of needle ice, along with the movement of 
marked stones, indicates the occurrence of active con
geliturbation processes. This effectively prevents most 
vascular plant species from becoming established at such 
sites. The only exception is the strongly rhizomatous 
Petasites frigidus which was observed growing in several 
adjacent, active frost boils. Under these conditions the 
rhizomes are usually thrust to the surface and remain 
anchored in adjacent stable areas. Such rhizomes are 
taut and stretched, indicating the intensity of soil dis
turbance in the frost boil. Centripetal colonization oc
curs by encroachment of peripheral bryophytes (Dre 
panocladus revolvens, D. uncinatus, Hylocomium alas
kanum, Rhacomitrium lanuginosum) and, to some ex
tent, by the lichens Cladonia rangiferina and Stereocau
Ion tomentosum. The eventual result appears to be sta
bilization of the feature and establishment of other 
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species-in the case of vascular plants, Carex podocarpa. 
Observations of numerous frost boils in various stages of 
colonization leads to the conclusion that their develop
ment is cyclical, much like that observed by Billings and 
Mooney (1959) in the Medicine Bow Mountains, Wyom
ing. The proposed sequence is: 

(1) Differential wind erosion of the vegetation mat early 
in the season. This may be caused by blowing ice crystals 
or simply by high-velocity (72-80 km/h) winds of occa
sional spring storms. This is facilitated by the fact that im
mediately following snow melt the moss-lichen mat is 
thawed while the seasonal frost level is at the vegetation
soil interface. The shallowly anchored species are thus 
easily freed from the substrate. Clumps of lichens and 
mosses eroded in this manner were commonly observed 
blowing across the snow during storms in late May and 
early June. 
(2) Removal of the insulating vegetation mat results in 
increased diurnal freeze-thaw activity which functions to 
enlarge the frost boil. The increase in freeze-thaw inten
sity is due to greater depth of melting and ro the restric
tion (\f subsurface saturation to the break in the vegetation 
ntat. Diurnal temperature fluctuations in these features 
are of much greater magnitude than those under adjacent 
vegetation mats (Scott and Brazel, in prep.). 
(3) Encroachment by loose runners of mosses and lichens 
from peripheral vegetation. These are anchored at the 
sides, can be easily separated from the still-active surface, 
and provide minimal insulation. 
(4) Formation of an unbroken moss-lichen mat which, 
through insulation, renders the surface relatively stable. 
(5) Colonization by additional species, including vascular 
plants, and reestablishment of the vegetation type. 

The time span necessary for this proposed sequence is 
unknown_ Observations on the growth of mosses on de
glaciated surfaces in more moderate climates at lower ele
vations indicate that the time span must be a long one_ 

The interaction between vegetation and permafrost can 
also be seen in Figure 10. Snowmelt at the prome sites 
occurred between June 12 and 17. The pro me was sam
pled on July 1. Thus, during an approximate two-week 
period the frost table had melted to a depth of about 0.6 
m beneath the frost boils. Active congeliturbation, in
cluding needle-ice formation, was observed during this 
period. Beneath adjacent vegetation mats (15-18 cm 
thick) the seasonal frost table remained at the soil-vege
tation interface, showing the insulating effect of the 
vegetation mat. Benninghoff (1952, 1963) attributes this 
to the low thermal conductivity of mosses. 

The second excavation shows the expected recession of 
the frost table in response to warming during the extend
ed period following snowmelt. The effects of the unvege
tated frost boils can still be seen, with slightly greater 
melting occurring under those features. The last excava
tion at the end of the field season shows the level of 
permafrost for this site. It occurs at approximately one 
meter and is nearly horizontal, indicating a dampening 
of the thermal effect of the frost boils with depth. 

Growing season. Duration of snow has an obvious ef
fect on the length of the growing season. Those species 
which occur in the earliest snowmelt zones have a longer 
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Fig. 10. Recession of the frost table following snow melt: (a)July 
1: (b) July 20 ; (c) August 10. 

period for vegetative development and seed production 
than have those in the later zones which must, of neces
sity, have a compressed reproductive cycle, efficient 
vegetative reproduction, or efficient "overwintering" 
mechanisms allowing them to survive those seasons when 
the snow doesn't melt. 

In Chitistone Pass those sites at which the snow melts 
earliest are the southeast-facing slopes along the western 
side of the pass. Low wind velocities, greater insolation , 
and abundant water result in dense vegetation mats with 
numerous species of vascular plants, bryophytes, and 
lichens. On the floor of the pass, vegetation which occurs 
in early snowmelt zones is subject not only to high wind 
velocities and scouring by blowing snow, but also to 
sharp diurnal temperature fluctuations. Lichens and bry
ophytes predominate here; vascular plants are typically 
rhizomatous perennials, often forming locally dense mats. 
Thus, the effects of early snowmelt are modified by site 
conditions. In protected areas early snowmelt is favorable 
and provides for a long growing season. In exposed areas 
subject to wind scour, early snowmelt has the overall ef
fect of limiting the numbers of species lacking adapta
tions to the severe early season climate. 

In the intermediate zones, lingering snow is protective 
in that it shields the vegetation from the effects of early 
season environmental fluctuations . On the other hand, it 
may restrict species which require a longer growing season. 

RICHARD W. scon 

At lower altitudes snowbanks are considered favorable 
because of their protective insulating value which results 
in a typically dense, rich vegetation type. At higher ele
vations, such as Chitistone Pass, the effect is the opposite. 
Increased duration of snow cover is detrimental; it results 
in the maintenance of a high permafrost table, low soil 
temperatures, and much frost disturbance. (The result 
is sparse vegetation which is poor in species. Most of 
these are cushion plants.) 

In the areas which are last to become free of snow one 
can most easily see the effect of shortening the growing 
season. At some sites there are years when the snow 
doesn't melt and there is no growing season. A very 
scattered aggregation of highly resistant species, such as 
those of the Kaieria glacialis-Poa arctica nodum, is typi
cal of areas with a short growing season, high permafrost, 
saturated soils, sharp temperature fluctuations, and much 
frost activity. 

Water from melting snow has a profound effect on the 
composition of alpine vegetation. The earliest snowfree 
zones are on long slopes and receive a continuous melt
water supply through most of the growing season. The 
next earliest snowfree zone is that of hillocks, knobs, and 
ridge tops on the floor of the pass. When the snow melts, 
the frost table is high and the water quickly drains off on 
the surface and along the frost table. The net effect is to 
maintain relatively dry sites due to the surface and sub
surface runoff. This also applies to intermediate snowmelt 
zones. However, in meltwater channels sharp floristic 
shifts occur within a given zone as a response to irriga
tion. The result is not only an increase in constancy ofhy
drophytic vascular plants such as Cardamine bellidifolia, 
Petasites frigidus, PolemC'nium acutiflorum, and Saxi
fraga rivularis, but an increase in cover-sociability of the 
common mat-forming mosses Aulacomnium palustre, 
Bryum pseudotriquetrum, Philonotis tomentella, and 
Tomenthypnum nitens. The latest snowmelt zones re
ceive constant irrigation from adjacent snowbanks. This 
disruption, along with the high frost table, short growing 
season, and frost and gravity disruption of surficial 
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Fig. 11. Relationship between duration of snow and species per 
vegetation unit. X-axis numbers indicate the associations and one 
nodum of the snow melt study. For descriptive titles and number 
of snow free days see Table 1. 
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material, results in an environment in which few plants 
can surVIve. 

The distribution of species. The relationship between 
the number of species per square meter and snow dura
tion is shown in Figure 11. The trend is a gradual reduc
tion in species number from those habitats with a long 
growing season to those which are snowfree only a short 
time. The greatest diversity in species per plot occurs in 
the intermediate snowmelt zones, indicating the impor
tance of microenviromental modifications within the 
limits imposed by snow duration. In the Salix polaris
Cetraria islandica association (No. 3 in Fig. 11), the plot 
with the fewest species (14) was located near the crown 
of a wind-swept knob, exposure 188

0
, slope 4

0
, which 

was snowfree 48 days. In the same association the plot 
with the highest number of species (41) and approxi
mately the same exposure and slope (235

0
,4

0
) occurred 

at a site that was snowfree 35 days; however, it was at 
the sheltered base of a slope and received a more than 
adequate supply of drainage meltwater. The rise in 
species number in the Rhacomitrium canescens-Dicrano
weisia cirrata association (No. 4 in Fig. 11 ) in the 18-31 
snowfree day zone cannot be explained on the basis of 
available data. 

In the latest snowmelt zones, length of growing season 
becomes the overriding factor. Such sites are in nivation 
basins and duration of snow, along with its associated 
effects on soil temperature, moisture, and permafrost, 
acts to reduce habitat variability and, as a consequence, 
species diversity. There are a total of 158 species includ
ed in the six vegetation types given in Table L Of these, 
63 are vascular plants, 70 are bryophytes, and 25 are 
lichens. There appears to be no consistent relationship 
between snow cover and species composition as related 
to these groups (Fig. 12), nor do sharp compositional 
boundaries exist between vegetation type:;. 

Based on occurrences in each of the vegetation types, 
three groups of species can be recognized: (1) Continu
ously distributed, occurring in two or more adjacent as
sociations; (2) Discontinuously distributed, occurring in 
two or more nonadjacent associations; (3) Restricted, 
occurring in one association only (Tables 2, 3,4). Those 
species which are continuously distributed (Table 2) are, 
as a group, the most common in the Chitistone Pass area. 
with the exception of one discontinuous species (Kaieria 
glacialis), these are the dominants of the associations. 
Cover, constancy, and presence reflect micro habitat dif
ferences and vary between associations. These species as 
groups provide reliable indicators of snow duration. How
ever, they can be used only within the limits of this high 
altitude mesoenvironment. At lower elevations, environ
mental changes and corresponding floristic shifts result 
in snowbed vegetation which bears little resemblance to 
that of high altitudes (compare Arctagrostis latifolia as
sociation, p. 292, this volume). 

Those species which are discontinuously distributed 
(Table 3) are generally common and may assume local 
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dominance (for example, Antennaria monocephala, Pole
monium acutif70rum); they usually have high constancy 
values in other associations (for example, Artemisia arc
tica, Aulacomnium turgidum, Petasites frigidus), particu
larly at lower elevations. Some are very small (for exam
ple, Blepharostoma trichophyllum, Pohlia nutans, and 
other bryophytes) and may be overlooked in sampling. 
Others, such as Ranunculus nivalis, are ephemeral, typ
ical of zones surrounding receding snowbanks, and may 
be missed if sampling is separated from snowmelt by a 
long time interval. As a group they are fairly good indi
cators of duration of snow. 

The restricted group (Table 4) represents those species 
which are highly variable in their distribution. In Chiti
stone Pass their occurrence is limited to one association 
only. Some may assume local dominance. Two species 
in particular, Hierochloe alpina and Kobresia myosur
oides, often fotm dense homogeneous stands near the 
tops of exposed hillocks in the Cladonia rangiferina
Rhacomitrium lanuginosum association. Others (for ex
ample, Epilobium latifolium) may be dominant in certain 
associations and noda, although this is not the rule. Many 
of the species, however, were observed only in the associ
ation indicated and are thus "exclusive" species, the 
highest fidelity rank according to the Braun-Blanquet 
(1951) system. However, these species taken alone are 
not considered reliable indicators of snow duration; the 
thorough knowledge of the vegetation that is required to 
truly identify high-fidelity species (Kershaw, 1964; Poore, 
1955) is not available for the Wrangell Mountains. 

Out of the 158 species occurring in the snowmelt study 
area, only four occurred in all associations and the one 
nodum. These included two bryophytes (Bryum pseudo
triquetrum, Drepanocladus uncinatus), the lichen Stereo
caulon tomentosum, and the vascular plant Poa arctica. 
While 16 species were found restricted to the association 
with the longest snowfree period, none were found only 
in the zones with shortest growing season. Tables 2-4 
show a gradual Hltering out of all species, primarily the 
non-rhizomatous, erect, vascular plants in response to 
duration of snow. This effect is most obvious at those 
sites having fewer than 25 snowfree days. 

-o 
c 
~ 
:~ 
"-c 
E :> 
o c ::! 
:: D .!!. 
..2: 
- > 
-t 

lOO 

.0 

.0 
70 

.0 
SO 

40 

~o ' ~,.;-

vascular plants 

bryophyte. 

lichens 

-_ ..... _----_.-

20 _ ' _ ' - ---' _ -- --.- - '--- --10 _ . ___ ._._. 

duration of snow ------~-
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days see Table 1. 
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TABLE 2. Continuous Distribution Patterns in the Snowmelt Study Area. Arrangement 
of Vegetation Units Progresses from Earliest Snowmelt Zones (Left) to Latest Snowmelt 

Zones (R ight) 

Species 123456 Species 123456 

Cetraria cuculla ta Ranunculus nivalis -----
Cetraria nivalis R hacomitrium canescens -----
Dicranum muhlenbeckii Brachythecium turgidum 
Dryas octopetala Saxifraga rivularis 
Minuartia fOssii 
Pogonatum urnigerum 
Polygonum viviparum 
Rhytidium rugosum (Species not occurring in the earliest 
Saelania glaucescens and latest zones:) 
Salix reticulata 
Stereocaulon alpinum Alectoria ochroleuca 
Carex podocarpa Cladonia rangiferina 
Cladonia ecymocyna Cornicularia aculeata 
Hylocomium alaskanum Dicranum majus 
Minuartia arctica Orthothecium strictum 
Pohlia cruda Pedicularis kanei 
Rhacomitrium lanuginosum Saussurea viscida 
Silene acaulis Sphenolobus minutus 
Cladonia pyxidata Andrea rupestris 
Dactylina arctica Dicranoweisia cirrata 
Peltigera malacea Gymnomitrion apiculatum 
Saxifraga davurica Saxifraga serpyllifolia 
Aulacomnium palustre ----- Thamnolia vermicularis 
Carex lachenalii ----- Anthelia juratzkana 
Cetraria islandica ----- Cardamine bellidifolia 
Claytonia sarmentosa ----- Ditrichum flexicaule 
Dicranum elongatum ----- Taraxacum alaskanum 
Luzula tundricola ----- Draba macrocarpa 
Salix polaris ----- Rhacomitrium heterostichum 
Bryum pseudo triquetrum ------ Tritomeria scitula 
Drepanoc/adus uncinatus ------ Papaver alaskanum 
Poa arctica ------ Luzula arctica 
Stereocaulon tomentosum ------ Ranunculus pygmaeus 
Cladonia sp. ----- Trisetum spicatum 
Oxyria digyna ----- Scapania subalpina 

NOTE: Associations and nodum are indicated by the following order : 
1. Salix reticulata-Carex podocarpa association 
2. Cladonia rangiferina-Rhacomitrium lanuginosum association 
3. Salix polaris-Cetraria islandica association 
4. Rhacomitrium canescens-Dicranoweisia cirrata association 
5. Carex lachenalii-Oxyria digyna association 
6. Kaieria glacialis-Grimmia alpicola nodum 

Summary 

(1) Depth and duration of snow in the middle alpine 
zone were found to be important agents affecting the 
composition of vegetation. Environmental factors in
fluenced or modified by snow cover include length of 
growing season, exposure to wind, maintenance of a high 
permafrost table and low soil temperatures, and supply 
of soil and surface water during and after snowmelt. 

(2) On the basis of graph clustering, five associations 
and one nodum were defined within the snowmelt study 
area. Ordination of these vegetation units with snowmelt 
gradients shows close correspondence between species 
composition and duration of snow. Not only are changes 
in species composition evident along such gradients, but 
the number of species and their cover also decrease in 
successively later snowmelt zones. No correlation was 

found between relative composition of vascular plants, 
bryophytes, and lichens in the vegetation of each of the 
snowmelt zones. 

(3) Intermediate and late snowmelt zones exhibit in
tense frost activity, resulting in abundant patterned 
ground features. There is evidence that development and 
stabilization of frost boils is cyclical and dependent on 
vegetation. Thickness of the vegetation mat influences 
depth of the frost table. 

(4) In protected areas, early snowmelt is favorable and 
provides for a long growing season. In exposed areas sub
ject to wind scour, it has the effect oflimiting a number 
of species lacking adaptations to the severe early season 
climate. In the intermediate zones, duration of snow is 
protective and removes the vegetation from the effects 
of early season environmental fluctuations. Late snowbed 
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TABLE 3. Discontinuous Distribution Patterns in Snowmelt Study Area. 

Species 

Blepharostoma trichophyllum 
Antennaria monocephala 
Aulacomnium turgidum 
Dicranum fuscescens 
Grimmia apocarpa 
lsopterygium pulchellum 
Peltigera aphthosa 
Pohlia nutans 
Artemisia arctica 
Calliergon sarmentosum 
Petasites frigidus 
Polemonium acutiflorum 
Ranunculus nivalis 
Stellaria monantha 
Tomenthypnum nitens 

NOTE: See note with Table 2 . 

Arrangement as in Table 2 

123456 Species 

Drepanocladus sp. 
Polytrichum juniperinum 
Bryum sp. 
Calamagrostis purpurascens 
Calliergon stramineum 
Drepanocladus revolvens 
Minuartia biflora 
Pogonatum alpinum 
Psoroma hypnorum 
Drepanocladus tundrae 
Grimmia alpicola 
Kaieria glacialis 
Stellaria longipes 
Tortula norvegica 

123456 

TABLE 4. Species with Restricted Distribution Patterns in the Snowmelt Study Area. 

Species 

Agropyron violaceum 
Anemone parviflora 
Anemone richardsonii 
Arctagrostis latifolia 
Arnica lessingii 
Campanula lasiocarpa 
Carex microchaeta 
Cetraria sp. 
Encalypta rhabdocarpa 
Equisetum scirpoides 
Luzula multiflora 
Luzula spicata 
Mnium rugicum 
Pedicularis capitata 
Sax ifraga flagellaris 
Saxifraga hieracifolia 
Abietinella abietina 
Aulacomnium acuminatum 
Bartramia ithyphylla 
Bryum inclinatum 
Ceratodon purpureus 
Cirriphyllum cirrosum 
Cladonia chlorophaea 
Cladonia turgida 
Hierochloe alpina 
Kobresia myosuroides 
Lecidea sp. 
Oxytropis nigrescens 
Pedicularis langsdorfii 
Peltigera canina 
Polytrichum commune 
Polytrichum norvegicum 

NOTE: See note with Table 2. 

Arrangement as in Table 2 

123456 Species 

Potentilla hyparctica 
Solorina saccata 
Sphaerophorus sp. 
Tortella fragilis 
Tortella tortuosa 
Anastrophyllum sp. 
Campylium hispidulum 
Diplophyllum obtusifolium 
Distichium capillaceum 
Draba alpina 
Draba nivalis 
Drepanocladus badius 
Hypnum cupressiforme 
Mnium hymenophyllum 
Oncophorus wahlenbergii 
Ptilidium ciliare 
Salix phlebophylla 
Salix rotundifolia 
Candelariella sp. 
Cetraria nigrescens 
Drepanocladus aduncus 
Tetraplodon mnioides 
Calliergon turgescens 
Campylium polygamum 
Draba lactea 
Epilobium latifolium 
Erigeron eriocephalus 
Lobaria linita 
Luzula arcuata 
Mnium sp. 
Philonotis tOmentella 
Saxifraga punctata 

123456 
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areas are characterized by a paucity of species due to 
short growing season and intense frost disturbance. 

(5) Vegetation patterns are considered to be reliable 
indicators of snow duration in the mesoenvironment of 
Chitistone Pass. Based on sampling and observation, 
single species were not considered to be reliable indica
tors of snow duration. 

'References 
Benninghoff, W. S. (1952) Interaction of vegetation and soil 

frost phenomena, Arctic, 5, 34-44. 
Benninghoff, W. S. (1963) Relationships between vegetation and 

frost in soils, in Proceedings: Permafrost International Confer
ence, Lafayette, Indiana, November 11-15, 1963, pp. 9-13, 
Nat. Acad. Sci.- Nat. Res. Counc. Pub. No. 1287, Washington, 
D.e. 

Beals, E. (1960) Forest bird communities in the Apostle Islands 
of Wisconsin, Wilson Bull., 72,156-181. 

Billings, W. D., and Bliss, L. C. (1959) An alpine snowbank and 
its effects on vegetation, plant development, and productivity, 
Ecology, 40, 388-397. 

Billings, W. D., and Mooney, H. A. (1959) An apparent frost 
hummock-sor ted polygon cycle in the alpine tundra of 
Wyoming, Ecology, 40, 16-20. 

Bliss, L. C. (1962) Adaptations of Arctic and alpine plants to 
environmental conditions, Arr.tic, 15,117-144. 

Braun-Blanquet, J. (1951) Pf/anzensoziologie: Crundlage der 
Vegetationskunde, Springer, Vienna (second ed.). 

RICHARD W. SCOTT 

Bray, J . R ., and Curtis, J. T. (1957) An ordination of the upland 
forest communities of southern Wisconsin, Ecol. Monogr., 27, 
325-349. 

Estabrook, G. F. (1966) A mathematical model in graph theory 
for biological classification,}. 'Theoret. Bioi., 12,297-310. 

Harshberger, J. w. (1929) Preliminary notes on American snow 
patches and their plants, Ecology, 10,275-281. 

J accard, P. (1912) The distribution of the flora in the alpine 
zone,NewPhytol., 11,37-50. 

Kershaw, K. A. (1964) Quantative and Dynamic Ecology, Ed
ward Arnold, London. 

Mooney, H. A., and Billings, W. D. (1960) The annual carbohy
drate cycle of alpine plants as related to growth, Am.}. Bot., 
47,594-598. 

Nordhagen, R. (1952) Alpine vegetation as a measure of snow 
cover thickness and duration (translated from Norwegian by 
Karen Harloff) (unpub\.). 

Outcalt, S. I. (1970) A study of time dependence during serial 
needle ice events, Archiv MeteoroL Geophys. Bioklim., 19, 
329-337. 

Poore, M. E. D. (1955) The use of phytosociological methods in 
ecological investigations, Pt. I; The Braun-Blanquet system,]. 
Ecol., 43 , 226-244. 

Scott, R. W., and Brazel, A.]. Observations on alpine vegetation 
and microclimate in the Southeastern Wrangell Mountains, 
Alaska (in prep) . 
Warren Wilson,]. (1958) Dirt on snow patches,}. Ecol., 46, 

191-198. 

NOTE: See acknowledgments on p. 353. 



ICEFIELD RANGES RESEARCH PROJECT, SCIENTIFIC RESULTS: VOLUME 4 
(AMERICAN GEOGRAPHICAL SOCIETY-1 974) 

Successional Patterns on M oraines and Outwash 

of the Frederika Glacier, Alaska 

Richard W. Scott* 

ABSTRACT. The Frederika successional sequence is determined on the basis of distribution of species and 
the graph cluster-relationships of associations and noda. The sequence shows close correspondence between 
vegetation units and age of surface. Comparisons with other areas in Alaska imply that successional sequences 
are approximately the same in terms of species composition. The duration of each stage appears to be quite 
variable. 

Introduction 

Vegetation patterns related to age of surface in gla
ciated areas were investigated on the moraines and out
wash plain of the Frederika Glacier. The Frederika is a 
medium-sized valley glacier about 1.5 km wide and 16 
km long, which drains from the southern margin of the 
Wrangell neve field (Plate 1).1 It is of special interest be
cause of Hayes' (1892) description 0 f the location of its 
terminus relative to the Skolai Creek. This description 
makes it one of the very few Wrangell Mountain glaciers 
with any record of its most recent Neoglacial history 
(see Denton and Karien, 1973; Viereck, 1968). At the 
time of his expedition (1891), Hayes reported that the 
terminus was located about three-quarters of a mile from 
the Skolai Creek from which it was separated by a gravel 
plain. By studying Hayes' description and 1957 aerial 
photos, it was possible to identify in the field the loca
tion of the 1891 terminus. Obvious trimlines on either 
side of the valley were connected by a nearly continuous 
moraine having maximum relief of about 6 m. This mor
aine provided a good dividing line for comparing vegeta
tion changes on either side. 

Initially, several 9-m square plots were sampled on this 
moraine and on older and younger moraines for licheno
metric studies similar to those used with good success by 
Andrews and Webber (1964), Benedict (1967, 1968), 
Beschel (1961), Reger (1968), Reger and Pewe (1969), 
and Viereck (1968). In essence, the technique relates 
lichen-colony size to the length of time since the stabili
zation of the substrate, although features such as dry 
weight have also been used (Platt and Amsler, 1955). The 
lichen, Rhizocarpon geographicum, commonly used in 
these studies, was used in our sampling. Since lichen 
growth rate varies from region to region, use of the tech
nique to determine age of a lichen colony is contingent 
upon the establishment of a growth curve for the region 
(Benedict, 1967). This is best done by comparing the 

*Department of Biology , Albion College, Albion , Michigan 
1 Plate 1 is a map inside the back cover of this volume. 
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diameters of lichen colonies in the study area with those 
on surfaces of known age. Growth rings of trees and 
shrubs are inadequate by themselves because of the un
known time lag required for colonization. With the ex
ception of the "1891 moraine," ages of Frederika glacial 
deposits were not known. The lichen colonies were 
sampled, however, in order to provide an estimate of 
ages relative to those of the moraine thought to be 
formed by the 1891 advance. 

After the collections were made, a growth curve for 
the Klutlan and Natazhat moraines (about 80 km dis
tant on the White River) became available (Rampton, 
1970). The curve was based on tree growth, correlated 
with radiocarbon dates, and used to date Neoglacial 
fluctuations of the two glaciers. Since all three glaciers 
(Klutlan, Natazhat, and Frederika) are in relatively close 
proximity, in the same macroclirnate (the marine-conti
nental boundary), and at about the same elevation (1170-
1450 m), the growth curve was considered to be reliable 
for the Frederika moraines. Rampton 's lichenometric 
calculations use the following formula: 

Age of surface stabilization = lichen diameter - 6 + 50 
(number of years before 1950) 0.15 ' 

where 6 = diameter, in millimeters, beyond which growth 
rate is constant; 0.15 = annual growth rate for colonies 
with diameters> 6 mm; 50 = years required for coloni
zation and attainment of a 6-mm thallus. Most of this 
50-year period represents colonization and an initial slow 
growth rate during which the thalli are nearly undetect
able. A diameter of 6 mm is reached during a late, accel
erated growth phase (Rampton, 1970; Beschel, 1961). 
Surface ages determined by this formula are in close 
agreement with radiocarbon dates (Rampton, 1970) and 
are considered to give reliable estimates of stabilization 
of moraines. 

On the basis of lichenometric information, a provision
al Neoglacial chronology of the Frederika Glacier has 
been constructed (Table 1). The moraines are clearly dis
cernible, nearly continuous across the valley, and are 
easily traced to their respective trimlines on the valley 
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TABLE 1. Provisional Ages of Frederika Glacier 
Moraines Based on Maximum Rhizocarpon 

geographicum Thallus Diameters 

Moraine 

V 
IV 
III 
II 

Reference source 

Maximum 
lichen 

diameters 
(mm) 

27 
17 
<6 

Map 

Moffit & Capps 
(1911) 

Aerial photo 
(1957) 

Time of 
construction 

a.p. 

± 190 
± 123 
± 57 
± 30 

± 0 

A.D. 

1760 
1827 
1893 
1920 

1950 

slopes (Figs. 1, 2). A comparison of the provisional se
quence with those of the Klutlan and Natazhat Glaciers 
(Table 2) shows moderately close agreement in late Neo
glacial fluctuations. The Frederika V (190 B.p.)2 and IV 
(123 B.P.) are fairly well separated and distinct moraines. 
In terms of vegetation, white spruce appears to be more 
abundant on Frederika V than on the younger moraines, 
but it is not common on any of them. Further investiga
tions may show these moraines to represent a complex 
formed over a long standstill, much like the Natazhat III 
series (235-155 B.P.). Of special interest is the close 
agreement in the time separation of the Klutlan IV and 
V moraines and the Frederika IV and V moraines (67 
years for both). Colony diameters indicate the Frederika 
IV and V moraines were stabilized 37 years earlier than 
Klutlan IV and V. 

There is close agreement between the Frederika III 
(50 B.P.) and Klutlan III (55 B.P.) moraines. The Frederi
ka III moraine undoubtedly represents the advance 
noted by Hayes (1892) in 1891. All colonies of Rhizocar
pon geographicum sampled on this moraine were < 6 
mm in diameter, suggesting stabilization at about the 
year 1900. 

The agreement in stabilization time between Klutlan 
III and Frederika III and perhaps Natazhat 11 (40 B.P.) 
indicates the possibility of a synchronous pre-1900 gla
cial advance in the region. Lichen colony diameters sup
port the contention that the most obvious Frederika 
trimlines (Fig. 2) were formed by the advance noted by 
Hayes (1892). 

The Frederika 11 moraine (30 B.P.) shows fairly close 
agreement with the Natazhat I (25 B.P.) and Klutlan 11 
(20 B.P.). The Frederika 11 is a low discontinuous mo
raine; its location agrees closely with the position of 
the Frederika terminus reported in Moffit and Capps 
(1911). The moraine remnants are poorly vegetated 
and no lichen colonies were observed. 

2 B.P., as used throughout the discussion, means before 1950. 
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The Frederika I moraine is the present terminal moraine 
at the snout of the glacier. Based on its vertical relief (5m) 
and the 1957 ice position on aerial photos, a provisional 
age of ±O years is given. 

Further investigation is obviously needed to support 
and evaluate this provisional sequence, but it is felt that 
it is a fairly accurate chronological estimation. In addi
tion, it provides a convenient base to which the develop
ment of vegetation patterns can be compared. 

Vegetation Patterns 

Unless otherwise indicated, the patterns discussed in 
this section are based on a 3-km transect from the Skolai 
Creek to the terminus of the Frederika Glacier. On the 
transect, meter-square plots were sampled at 50-150 m 
intervals, depending on the density of the vegetation; at 
each 100-m interval the nearest stand of vegetation was 
sampled. This eliminated from consideration all plots 
which lacked vegetation (for example, active flood 
plains). 

Four associations and eight noda are recognized as oc
curring on recent surfaces in the Chitistone-Skolai re
gion (Table 3) . Of these, three associations and three 
noda can be found in the vicinity of the Frederika Gla
cier; the remainder will be discussed in terms of their 
relationship to those of the Frederika surfaces. 

Graph cluster configurations (Estabrook, 1966; Scott, 
pp. 284-286, this volume) bear a close relationship to rela
tive surface age. The Salix alaxensis association (c = 
0.7741 to 0.5651)3 occurs on Frederika V (190 B.P.) 

3 See p. 308 of this volume for definition of c. 

Fig. 1. Provisional moraine sequence of the Frederika Glacier. 
Moraines are numbered from oldest (V) to youngest (I). 
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and Frederika IV (123 B.P.) moraines and on stabilized 
outwash in their vicinity. The association is one of dense, 
tall (often 3 m in height) willow thickets of S. alaxensis 
and S. glauca. Both Picea glauca and Populus balsamifera 
are occasional where this association occurs, although 
neither were recorded in sampling. Individuals of both 
species appear to be older and more common on the 
outer moraine (Frederika V). In the densest thickets, 
understory vegetation is sparse to lacking, although sev
erallichens, particularly Cetraria pinastri, Cladonia ecy
mocyna, and C. pyxidata, may be locally common. Open 
thickets have an understory often approaching 100% 
cover. One nodum (Shepherdia canadensis-Oxytropis 
dejlexa, c = 0.4827) occurs in such openings and is 
characterized by an increase in cover-sociability of the 
two species after which it is named. Salix alaxensis is 
lacking and S. glauca, if present, is restricted to small, 
isolated clumps. Many of the openings where this nodum 
occurs appear to be old flood plains. Greatest affinity of 
the association is a similarity of c = 0.5713 to the Salix 
glauca-Oxytropis dejlexa association. Constant species 
are Cladonia pyxidata, Oxy tropis campestris, Pyrola 
secunda, Salix alaxensis, Shepherdia canadensis, Stereo
caulon tomentosum, and Trisetum spicatum. A soil pro
file (Scott, pp. 281, this volume) taken under dense 
mats of Dryas drummondii, D. octopetala, and sparse 
Salix alaxensis within the association indicates that suf
ficient time has elapsed for development of soil horizons. 

The Salix glauca-Oxytropis dejlexa association (Fig. 3) 
consists of a group of plots clustered at c = 0.7346 to 
0.6856. Most remarkable is the coincidence between iso
lation of this cluster based on species composition and 
the position of the Frederika III moraine (50 B.P.) . All 
plots on which this association is based fall on or ex
tremely close to this moraine. The vegetation change is a 
subtle one but nevertheless detectable by graph cluster
ing. Those plots farthest downglacier from the moraine 
show the greatest similarity to the older Salix alaxensis 
association of Frederika V and IV surfaces. Those on the 
upglacier side have greatest affmities for the vegetation 
types of more recent surfaces. The cluster is intermedi
ate between the vegetation of youngest and oldest sur
faces, but is treated as an association because of group 
tightness (24 of 25 possible connections> 0.5000) and 
coincidence with a distinct geomorphological feature 
(Frederika III moraine). The substrate is coarse, angular 
till with little organic accumulation. Substrates on either 
side of the moraine are sandy and obviously reworked 
by water. 

In terms of species composition, the association is not 
difficult to distinguish from the Salix alaxensis 

Fig. 2. Panorama of the Frederika outwash plain. (a) Looking 
west down the Skolai Creek. (b) Looking northwestward across 
the Frederika outwash from Frederika IV moraine. Frederika 
Ill, IV, and V trimlines are indicated. (c) Looking north. Frederi
ka Glacier and Mt. Frederika in background. (d) Looking north
eastward at edge of Frederika III trimline. 
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TABLE 2. Comparison of the Provisional F rederika 
Moraine Series with the Klutlan and Natazhat 
Glaciers, Yukon Territory, Canada. Numbers 

o 

100 

200 

300 

400 1--

500 

in parentheses indicate age B.P. 

Klutlan 
11260 m) 

1_115) 
11-120) 

111-155) 

IV-(160) 

V-(227) 

Natazhat 
11446 m) 

1_(25) 

11-(40) 

-(155) 

III 

'--(235) 

Iv-15OO) 

Frederika 
11170 m) 

(0) 1-

11-(30) 

III-(SO) 

IV-(123) 

V-(190) 

1 9SO 

1 8SO 

1 7SO 

1650 

1550 

14SO 

association. While it shares two of the same constants 
(Salix alaxensis and Shepherdia canadensis), it contains 
five unshared constants; namely, Arctostaphylos rubra, 
Astragalus nutzotinensis, Hedysarum alpinum, Oxytro
pis deflexa, and Populus balsamifera. Structurally, this 
vegetation type is easy to recognize. Salix glauca is ob
viously dominant and rarely exceeds 1.5 m in height. 
Salix alaxensis is a constant species, but has a mean cover
sociability value of 2.1 and is represented only by seed
lings and very small saplings. 

A single nodum of this association is recognized on the 
basis of species composition. It is designated as the Hedy
sarum alpinum-Oxytropis deflexa nodum, and its 0.4166 
cluster connection to the association is the highest simi
larity to any vegetation type in the region . .Its status is 
questionable, since its floristic affinity is with the vege
tation of the Frederika III moraine; however, it occurs 
in close proximity to the Frederika IV and V moraines 
and is bordered by the Salix alaxensis association. Its 
similarity value to this association is somewhat less 
(0.3888) than to the Salixglauca association (0.4166), 
and also less (0.3635) than to vegetation on surfaces 
known to be very recent. Whether it represents a succes
sional stage related to surface age or simply a flood plain 
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aggregation of species is difficult to determine. It is, how
ever, retained as a Salix glauca nodum on the basis of its 
highest similarity value (0.4166). 

The third Frederika association is that of Dryas octo
petala-Shepherdia canadensis. This association, which 
forms at c = 0.7878 to 0.5925, occurs in the intervening 
space between the Frederika terminus and the Frederika 
III moraine. The vegetation of this zone is sparse and 
patchy. This aspect of the vegetation led to a certain 
amount of subjective bias in sampling; as a result, most 
plots were located on fine-grained substrates at protected 
sites where vegetation formed obvious patches. Exposed 
outwash features and coarse substrates were devoid or 
nearly devoid of plants. Shrubs, seedlings, and mat-

. forming plants therefore appear somewhat more com
mon than if random samples were taken. Nevertheless, 
the method is considered to provide a good picture of 
the vegetation mats which are developing and which 
contain the majority of species occurring on these sur
faces . 

Highest affinities of the Dryas octopetala association 
are with vegetation of the next oldest surfaces (that is, 
the Frederika III moraine). Similarity coefficients to the 
Salix alaxensis association are all less than 0.5000 (c = 
0.4443). Constant species, in addition to Dryas octo
petala and Shepherdia canadensis, are Epilobium lati
folium, Dicranum elongatum, Populus balsamifera (seed
lings), Salix alaxensis (seedlings), and S. re ticu la ta. With 
the exception of Epilobium latifolium and small S. alax
enis seedlings, the vegetation of the ice-cored Frederika I 
moraine lacks the constants of this association. For this 
reason the single plot sampled from this moraine is des
ignated as the Arctagrostis latifolia-Poa arctica nodum. 
It obviously represents a very early successional stage on 
periglacial surfaces of the Frederika. There are fewer 
species per square meter (11) than on any other plots, 
and most of them also occur in other plots. Both P. 
arctica and Festuca brachyphylla of this nodum were al
so noted as typical of recent ice-cored moraines at 1850 m 
in the Chitistone Pass area. The greatest affmity of this 

TABLE 3. Synopsis of Vegetation Types of Recent 
Surfaces 

Salix alaxensis-Shepherdia canadensis-Cladonia pyxidata 
association 

Shepherdia canadensis-Oxytropis campestris nodum 
Salix glauca-Oxytropis dejlexa association 

Hedysarum alpinum-Oxytropis deflexa nodum 
*Dryas octopetala-Stereocaulon tomentosum nodum 

Dryas octopetala-Shepherdia canadensis association 
Arctagrostis latifolia-Poa arctica nodum 
"'Poa lanata-Artemisia tilesii nodum 
"'Epilobium latifolium-Brachythecium turgidum nodum 

"'Carex aquatilis-Equisetum arvense association 
*Carex membranacea nodum 
*Epilobium angustifolium nodum 

*Discussed with Frederika Glacier vegetation types, but sampled 
elsewhere. 
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Fig. 3. Salix glauca-Oxytropis deflexa association on the 
Frederika III moraine. 

nodum is with the Dryas octopetala-Shepherdia can a
densis association, and more specifically with the next 
plot located about 50 m downglacier. 

The second nodum of this association is the Poa 
lanata-Artemisia tilesii nodum. The plot on which the 
nodum is based is quite different from all those sampled 
in the region. Like the previous nodum, its highest simi
larity value to any of the plots is a c = 0.3157 connec
tion to a plot of the Dryas octopetala association. The 
stand on which this nodum is based (Fig. 4) occurred on 
a fine-grained kame deposit along the lateral margin of 
the Russell Glacier near Flood Creek valley (Plate 2).4 
The soil prome (Fig. 2, p. 321, this volume) shows a typical 
regosollow in organic material. This vegetation type is easy 
to recognize because it is composed of few species (mostly 
grasses) and occurs on well-drained alluvium. It was 
noted as common (although scattered) along the Russell 
Glacier margins and, if more samples were available, 
would probably be given the status of an association. 

The third nodum of this association is the Epilobium 
latifolium-Brachythecium turgidum nodum. It is based 
on the most dissimilar plot sampled and is thought to 

• Plate 2 is a map inside the back cover of this volume. 

Fig. 4. Kame deposit along margin of Russell Glacier. Vegetation 
is the Poa lanata-Artemisia tilesii nodum. 
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Fig . 5. Dry as octopetala-Stereocaulon tomentosum nodum on 
well-drained, stabilized flood plain. Dark peripheral vegetation is 
mostly Carex aquatilis and Salix alaxensis. 

represent a floodplain aggregation of species. Other than 
occurring on coarse, unstable substrates, it has no direct 
relationship with Frederika surfaces and is included here 
only because of its affinity (0 .2702) to the Dryas octo
petala-Shepherdia canadensis association. 

The Dryas octopetala-Stereocaulon tomentosum no
dum is common on recently glaciated surfaces in the 
lower and middle alpine zone. The highest similarity 
connection of this nodum is a c = 0.4827 value with the 
D. octopetala-Shepherdia canadensis association of 
Frederika surfaces. This nodum is considered to repre
sent approximately the same successional stage as the 
association, but occurs on well-drained, exposed sites 
where there are coarse cobbles. Several species of this 
nod urn, such as Saxifraga bronchialis and Polemonium 
boreale, are typical scree slope plants in the middle and 
high alpine zone. This vegetation type is also common 
on stabilized portions of flood plains and alluvial fans 
and can be easily recognized by the dominants D. octo
petala and S. tomentosum. Scattered, stunted individ.
uals of Salix alaxensis and S. glauca may occur in this 
vegetation type at lower elevations, but are rarely found 
above 1850 m. The light-colored S. tomentosum makes 
this nodum easy to see from the air (Fig. 5) . Additional 
sampling would probably produce more subordinate 
species in the nodum and, in view of its widespread oc
currence, would justify the status of an association. 

The Carex aquatilis-Equisetum arvense association oc
curs on saturated periglacial surfaces of recent origin. On 
the Frederika outwash, its occurrence was restricted to 
the margins of small meltwater streams. In the vicinity 
of the Skolai lobe of the Russell Glacier, there are ex
tensive alluvial deposits of sands and silts, and the asso
ciation is widespread. It is obviously an early succession
al stage on wetlands, as evidenced by the few species oc
curring in it and its close proximity to glacier ice. Based 
on the mapped position of the Skolai lobe (Moffit and 
Capps, 1911), the age of adjacent Salix alaxensis (32 
years), and old photographs (Capps, 1910), the stand on 
which this association is based occurred on a substrate 
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TABLE 4. Distribution of Species on Frederika Moraines and Outwash. Arrangement of 100-m Intervals Progresses 
from Older (left) to Younger (right). 

Species 

(a) Widespread species. 

Salix alaxensis • * * * 
Shepherdia canadensis 
Stereocaulon tomentosum 
Dryas octopetala 

* * * * * 
* * 

* * * 

(b) Species occurring only in the vicinity 
of the Frederika III moraine. 

Drepanocladus sp. 
Brachythecium rivulare 
Hylocomium alaskanum 
Hedysarum mackenzii 

(c) Species occurring on old and young 
surfaces, but not on the Frederika 
III moraine. 

Solidago multiradiata 
Dryas integrifolia 
Cladonia pyxidata 
Cetraria cucullata 
Trisetum spicatum 

(d) Species with restricted occurrences. 

Thamnolia vermicularis 
Betula glandulosa 
Erigeron elatus 
Minuartia stricta 
Arabis drummondii 
Aster sibiricus 
Carex krausei 
Taraxacum ceratophorum 
Minuartia rubella 
Corallorhiza trifida 
Saxifraga oppositifolia 
Alectoria ochroleuca 
Si/ene acaulis 
Populus tremuloides 
Poa alpina 
Crepis nana 
Poa lanata 
Arctagrostis latifolia 
Cerastium beeringianum 
Poa arctica 

no older than 40 years (Fig. 6). As cited previously 
(Scott, p. 288, this volume), the Carex membranacea 
and Epilobium angustifolium noda are recognized as 
variants of this association. 

The Distribution of Species 

* 

* * * 

• 
* 

Species occurring in the Frederika valley generally con
form to one of three distribution patterns. The first is 
that of the widespread species (Table 4) which are com
mon throughout the area, have wide cover-sociability 
ranges depending on site, and occur on surfaces of all 
ages. One of these, Salix aiaxensis, would have to be 

I nterval Order 

* * * * * * * 
• • * • 

* * • * • 
• • • * * • • 

* * • 
* • * 

• 
•• • * 

• • • • 

• 

• 

categorized as the single most common species of gla
ciated surfaces at this altitude. Small seedlings of S. alax
ensis occurred even on the terminal moraine of the 
Frederika Glacier. None of the remaining widespread 
species occurred on the most recent surfaces. All were 
locally dominant. 

The other two patterns commonly found in the Fred
erika valley are here designated as the species of older 
surfaces and the species of younger surfaces (Table 5). 
In general, these are two distinct groups; where overlap 
occurs, the species is more frequent and more abundant 
in one group than in the other. 
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Fig. 6. Upper Skolai valley. Arrow indicates location of the stand 
on which the Carex aquatilis-Equisetum arvense association is 
based. 

With the exception of the lichens Cetraria islandica, C. 
nivalis, Cladonia ecymocyna, Dactylina arctica, and Pel
tigera aphthosa which occur at high altitudes, the species 
of older surfaces are typical of the lower alpine zone. 
Arctostaphylos rubra and Salix glauca are the most 
abundant members of this group. While they also occur 
on surfaces less than 50 years old, they are included 
here because of their absence on the youngest surfaces. 
Cetraria pinastre, Epilobium angustifolium, Pyrola 
grandiflora, and P. secunda are typical of mesic habitats 
of Salix alaxensis and S. glauca thickets. In thicket 
openings on gravel and sand surfaces, the following 
~pecies are locally abundant: Astragalus alpinus, A. 
nutzotinensis, Dryas drummondii, Hedysarum alpinum, 
Oxytropis campestris, and.a. deflexa. At least one of 
these (D. drummondii) is known to possess nitrogen
fIxing nodules (Lawrence, et al., 1967; Crocker and 
Major, 1955). 

Most abundant on recently glaciated surfaces are 
Artemisia tilesii, Cetraria tilesii, Dicranum elongatum, 
Epilobium latifolium, Peltigera malacea, Populus bal
samifera, Salix polaris, S. reticulata, and Rhacomitrium 
canescens. With the exception of P. balsamifera, all are 
common throughout the lower and middle alpine zones. 
Picea glauca does not occur on recent surfaces, except 
as sporadic small seedlings. Agropyron violaceum, 
Arctostaphylos uva-ursi, and Poa glauca are typical of 
dry, sandy substrates and have a discontinuous. distri
bution on fIne-grained outwash. Erigeron humilis has a 
similar habitat, although it is confIned to the most re
cent surfaces. Huiten (1968), however, found E. humilis 
occurring in snow beds and meadows. [Frederika speci
mens are referred to as E. humilis rather than E. erio
cephalus, which is typically found in dry, sandy regions, 
on the basis of purple cross-walls of involucral hairs. 
Hulten (1968) cites the occurrence of apparent hybrids 
between the two species, and it is possible tha t such a 
population occurs on the Frederika outwash.] Pyrola 
asarifolia, which is easily identifIed and is typical of low
land woods and meadows, was also found on sandy out
wash in the Frederika Glacier region. Parnassia kotzebuei 
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and Equisetum variegatum both occur on recent sandy 
surfaces that are saturated throughout the growing sea
son by glacial meltwater. Festuca brachyphylla was 
found only on the most recent surfaces and must be con
sidered a pioneer species in this region. It was also ob
served at 1850 m on recent ice-cored moraines. 

Two groups of species on the Frederika outwash have 
an interesting, although unexplained, distribution in re
lation to the Frederika III moraine. The fIrst, (c) of 
Table 4. occurred on both young and old outwash sur
faces, but none of the species were found in the im
mediate vicinity of the moraine. Substrate differences 
may provide a possible explanation, since all are typical 
of unstable, sandy, or rocky surfaces. The distribution 
of the second group, (b) of Table 4, which is restricted 
to the vicinity of the moraine, cannot be explained on 
the basis of available data. 

There remains a group of 20 species, (d) of Table 4, 
each of which occurred in only one Frederika sample 
plot. With the exception of Corallorhiza trifida and 
Erigeron elatus, which are lowland species of moist, 
shaded habitats, all are typical of streambanks in the 
upper boreal and alpine zones. Betulaglandulosa, Carex 
krausei, and Populus tremuloides occur in wet to moist 
situations; the remainder are typical of sandy or rocky 
outwash. They represent the floodplain component of 
the Frederika outwash and morainal surfaces and can be 
found on all such surfaces in the region that have not 
become stabilized by vegetation mats. Even though they 
have been arranged to show a progression of occurrence 
related to substrate age, this progression must not be 
considered absolute because of infrequent occurrence 
and habitat requirements of the species. 

Based on the distribution of species and the graph 
cluster relationships of associations and their correlation 
with surface age, the following successional sequence is 
proposed: 

(1) Young surfaces. The Arctagrostis latifolia-Poa arctica 
nodum occurs on the youngest surfaces (± 20 years). Such 
sites are low in species richness, and typically the vegeta· 
tion is extremely sparse. Older surfaces (less than 60 years) 
are occupied by the Dryas octopetala-Shepherdia cana
densis association. Equisetum variegatum and Parnassia 
kotzebuei, Populus balsamifera (seedlings), Salix alaxensis 
(seedlings), and S. glauca (seedlings) are, for the most 
part, confined to streambanks or intermittant watercourses. 
Dryas octopetala, Epilobium latifolium, Salix reticulata, 
Shepherdia canadensis, and Trisetum spicatum are high 
constancy species that occur in moist to dry situations on 
substrates of various grain sizes. Very dry, well-drained 
sites have only a few species, such as Cetraria spp., Poa al
pina, Saxifraga oppositifolia, Silene acaulis, S tereocaulon 
tomentosum, and Rhacomitrium canescens. 
(2) Surfaces of intermediate age (60-80 years). This time 
span brackets the estimated age of the Frederika III mo
raine and is treated separately because of coincidence be
tween vegetation composition and the moraine. Salix 
glauca and Shepherdia canadensis are the dominant species 
of the shrub stratum. In openings in the willow thickets, 
Hedysarum alpinum and Oxytropis deflexa dominate the 
dense herb stratum. On surfaces younger than this moraine, 
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TABLE 5. Distribution of Species on Frederika Moraines and Outwash. Arrangement of 100-m Intervals Progresses 
from Older (left) to Younger (right). 

Species 

(a) Species of older surfaces. 

Cetraria islandica 
Cladonia ecymocyna 
Cetraria nivalis 
Epilobium angustifolium 
Peltigera aphthosa 
Astragalus alpinus 
Dactylina arctica 
Cetraria pinastre 
Pyrola grandiflora 
Dryas drummondii 
Oxytropis campestris 
Oxytropis deflexa 
Pyrola secunda 
Salix glauca 
Arctostaphylos rubra 
Hedysarum alpinum 
Astragalus nutzotinensis 

(b) Species of younger surfaces. 

Poa glauca 
Epilobium latifolium 
Agropyron violaceum 
Peltigera malacea 
Populus balsamifera 
Bryum sp. 
Salix reticulata 
Dicranum elongatum 
Rhacomitrium canescens 
Cetraria tilesii 
Picea glauca 
Pyrola asarifolia 
Salix polaris 
Artemisia tilesii 
Festuca brachyphylla 
Parnassia kotzebuei 
Erigeron humilis 
Arctostaphylos uva-ursi 
Equisetum variegatum 

* 
* * 

* 

* 
* * 

* 

S. glauea is sporadic, confined to watercourses and repre · 
sented only by young seedlings of low cover values. The 
area of the moraine appears as a distinct boundary be
tween species of younger surfaces and those of older sur
faces [(a) and (b) of Table 5). 
(3) Older surfaces (more than 80 years). These are down· 
stream from the Frederika III moraine and consist of sta
bilized outwash and the Frederika IV and V moraines. 
The Salix alaxensis-Shepherdia canadensis-Cladonia pyxi
data association is typical of the moraines and outwash 
adjacent to them. The physiognomy of the association 
varies from very dense willow thickets to sparse willows 
with a well-developed understory. Openings in the willow 
thickets support the Shepherdia eandensis-Oxytropis 
campestris nodum. Picea glauea occurs on both moraines 
and stabilized outwash (Fig. 7), although individuals are 
scattered and did not fall within any of the sample plots. 
Both Dryas drummondii and D. oetopetala are widespread 
and form locally extensive mats. While D. oetopetala oc· 
curs on almost all surfaces except the very youngest, D. 
drummondii is only occasional on those younger than 60 
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years. Field observations indicate that active flood plains 
within this moraine sequence support an aggregation of 
species very similar to that found on the youngest sur
faces, especially Cerastium beeringianum, Crepis nana, 
Festuca braehyphylla, Poa alpina, P. arctiea, Silene aeau
lis, and Trisetum spieatum. 

Comparison with other Areas 

Cooper (1923, 1931, 1939), in his classic treatment of 
succession in Glacier Bay, Alaska, recognized three com
munities related to surface age: (1) pioneer, (2) willow
alder, and (3) conifer forest. In spite of difference in dis
tance (450 km) and elevation (1108 m), there is close 
similarity in the physiognomy of the successional stages 
and, in certain cases, in the community dominants with 
those of the Frederika Glacier. There is particularly good 
correspondence between Cooper's pioneer community 
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Fig. 7. Frederika IV moraine in lower right·hand corner. Vegeta· 
tion is Salix alaxensis, S. glauca, and scattered Picea glauca. 

and the vegetation of outwash between Frederika I and 
III moraines and the low, discontinuous Frederika Il mo
raine. Twenty-nine species had a frequency of greater 
than 9% in 22 localities; of these, 18 occur on recent 
surfaces of the Frederika Glacier. The following species 
listed by Cooper had greater than 50% frequency in 22 
localities in the Glacier Bay region: Dryas drummondii, 
Epilobium latifolium, Equisetum va.riegatum, Populus 
balsamifera ssp. trichocarpa, Salix alaxensis, S. arctica, 
S. barclayi, and S. sitchensis. Of these, three were not 
sampled on the Frederika outwash. Salix arctica was 
observed, but not sampled. Salix barclayi was neither 
observed nor sampled; Salix sitchensis is confined to a 
telatively narrow strip along the coast and was neither 
observed nor sampled. The closest correspondence was 
found in Epilobium lotifolium, which had the highest 
frequency in Glacier Bay (91.0%) and on the Frederika 
outwash (100%). For the most part, frequency values 
were fairly close for species occurring in both areas. The 
greatest divergence was in Dryas drummondii, which has 
a Glacier Bay value of 72.8% and a Frederika value of 
only 9%. It is, however, common on older surfaces where 
it forms extensive mats. The absence of this species on 
surfaces known to be of similar age at higher altitudes 
suggests that it plays a decreasingly important role as a 
pioneer with increasing severity of the environment im
posed by higher elevations. In such situations Dryas oc
topetala appears to take the structural community role 
as a mat former in pioneer vegetation assemblages. 

In general, there appears to be close correspondence in 
the colonization order of the Frederika and Glacier Bay 
surfaces (see also Viereck, 1966). Cooper (1923) lists 
three species as being the hardiest pioneer species: Epilo
bium latifolium, Rhacomitrium canescens, and R. lanu
ginosum. The first two also occur on recent Frederika 
surfaces. At Glacier Bay the next two species to arrive 
are Dryas drummondii and Equisetum variegatum. Equ
isetum variegatum is also a very early pioneer on satu
rated Frederika surfaces. As pointed out previously, the 
role of Dryas drummondii as a pioneer is not as promi
nent on Frederika surfaces. Its structural counterpart in 
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the community is D. octopetala. On saturated substrate 
a definite group of species forms a turf following coloni
zation by E. variegatum. These are Drepanocladus poly
carpus, Equisetum arvense, and Philonotis fontana. While 
this wetland sequence was not studied extensively on 
Frederika surfaces, there is close agreement with succes
sional stages of the same age that occur elsewhere (com
pare Carex aquatilis-Equisetum arvense association, 
Scott, p. 288, this volume). On better-drained surfaces 
the next successional stage is development of locally ex
tensive mats of Dry as octopetala, Salix polaris, and S. 
reticulata. Arctostaphylos uva-ursi is occasional, but also 
forms mats; Agropyron violaceum and Artemisia tilesii 
are common and occur in dense clumps. At the same 
time, Populus balsamifera, Salix alaxensis, and S. glauca 
occur as seedlings and on later surfaces as small saplings. 
By virtue of size , these species contribute little to the 
structural aspect of the community. 

An important point brought out by Cooper (1923) is 
the temporal dominance ("quasi-dominance") of a few 
species. This is obviously the case in the Salix glauca
Oxytropis defiexa association of the Frederika IV mo
raine. The three high-frequency shrubs on surfaces of all 
ages are Salix .liaxensis, S. glauca, and Shepherdia cana
densis. On the youngest (Dryas octopetala-Shepherdia 
canadensis association), S. canadensis is dominant, and 
the two willows are represented by seedlings. On the 
Frederika III moraine, S. glauca is dominant by virtue of 
a more rapid growth-rate; Shepherdia canadensis is 
found on margins and in openings of the thickets ; Salix 
alaxensis is represented by small saplings ± 1 m in height. 
On the oldest surfaces (Salix alaxensis-Shepherdia cana
densis-Cladonia pyxidata association), Salix alaxensis, 
with heights exceeding 3 m, is the obvious dominant. Not 
only does the Frederika III association occur on surfaces 
intermediate in age, but species composition is also inter
mediate (Table 5). 

Cooper (1923) shows that Salix alaxensis and S. sitchen
sis eventually dominate the shrub stage in Glacier Bay by 
reason of size. On Frederika moraines and stabilized out
wash, S. alaxensis is the single dominant; S. sitchensis, 
being more or less restricted to the coast, is lacking. Ex
cept in the densest thickets, Dryas octopetala continues 
.to form extensive mats. In the Frederika Glacier region 
the mat-forming willows (S . arctica, S. polariS, S. reticu
lata) do not occur on the older surfaces with dense wil
low thickets. At both sites spruce and cottonwood are 
occasionally found in the older willow thickets; cotton
wood is more frequent on younger surfaces (Table 5), 
although the individuals usually overtop S. alaxensis on 
older ones (Fig. 8) . This supports Cooper's (1923) ob
servation of an inverse relationship of density to surface 
age due to shade intolerance. A major difference between 
the two areas is the lack of a willow-alder (Alnus crispa) 
or an alder successional stage. While common in the 
region at elevations below 925 m, alder is scattered at 
pigher elevations and apparently does not have the major 
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Fig. 8. Frcdcrika V moraine. Vegetatio n is Picea glauca, Populus 
balsamifera. Salix aiaxe'lsis, and S. glallca. 

functional role that it does at lower elevations. This poses 
an interesting question, since alder is a nitrogen fixer 
(Virtanen, et al., 1954) and is apparently one of the 
major sources of nitrates on recently glaciated surfaces 
(Crock er and Major, 1955). However, Cooper (1923) 
points ou t that establishment of climax does not de-
pend on dominance of alder, and spruce was observed 
invading pure willow thickets. On the Frederika surfaces 
the function of nitrogen fixation appears to be assumed 
by Dryas drummondii and Shepherdia canadensis, both 
of which are associated with symbiotic bacteria (Law
rence, et al., 1967). The presence of the legumes Hedy
sarum alpinum, H. mackenzii, Oxytropis campestris, 
and O. deflexa suggests a probable similar role of these 
species. 

I n the Frederika Glacier area there is no evidence of 
attainment of the climax spruce forest on older surfaces 
sllch as is found at Glacier Bay. Based on observations 
on the altitudinallimits of spruce forest elsewhere in the 
region « 925 m), development of a climax spruce forest 
at Fredcrika Glacier is considered unlikely, even though 
spruce now occurs on the oldest moraines. There does 
exist an obvious ccotone on many slopes (900-1230 m) 
in which Alnus crispa, Piceaglauca, Populus balsamifera, 
and Salix alaxensis are dominant. This combination of 
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species, especially Salix alaxensis, is expected to persist 
on the oldest Frederika surfaces without the attainment 
of climax boreal forest. 

Rampton (1970) shows an open white spruce forest in 
one of his photos of Klutlan IV moraine (160 B.P.). His 
photographs and brief vegetation descriptions indicate a 
remarkable similarity in vegetation composition between 
Klutlan III moraines (55 B.P.) and Frederika IV and V 
moraines (123-190 B.P.). A similarity in composition 
and physiognomy between the Klutlan II moraine (20 
B.P.) and the Frederika III moraine (50 B.P.) also exists. 
The greatest similarity of the Natazhat series is between 
Natazhat III (153-235 B.P.) with Salix spp. (probably 
S. glauca, S. reticulata, based on photographs), Dry as sp. 
(probably D. octopetala), and Shepherdia canadensis; 
the Klutlan Il (20 B.P.) with Dry as sp., Hedysarum sp., 
and Salix spp. (probably the same combination, includ
ing Hedysarum alpinum); and the Frederika III moraine 
(Salix glauca-Shepherdia canadensis association, 50 B.P.). 
Since all three sites are in the boreal-alpine transition, 
the implication is that successional rates vary greatly 
from site to site, although the species involved are es
sentially the same. The comparisons also imply that for 
southeastern Alaska the successional sequences are ap
proximately the same in terms of species composition 
from sea level to the lower alpine zone. Obviously, the 
same does not hold true at higher elevations. The dura
tion of each stage in the sequence appears to be quite 
variable and no doubt determined by local environments, 
substrate type, available nitrogen source (see Heilman, 
1966), and rate of organic carbon accumulation (Crocker 
and Dickson, 1956). The climax vegetation type will also 
vary depending on altitude and macroclimate. Viereck 
(1966), for example, shows a sequence from pioneer 
species through a shrub stage to tundra on the outwash 
gravels of the Muldrow Glacier. Here, in the interior, the 
duration of each stage appears longer than that of the 
marine-continental boundary and coastal Alaska. Species 
composition, however, is much the same as in the Wran
gell Mountains, especially in the earlier successional 
stages. 

Summary 

(1) A provisional N eoglacial chronology was established 
for the Frederika Glacier from lichenometric data. The 
chronology is based on maximum thallus diameters 
of Rhizocarpon geographicum plotted on a growth curve 
for the White River valley, Yukon Territory. This tem
poral framework was used as a basis for the examination 
of vegetation patterns on recently glaciated surfaces. 

(2) Three associations and three noda are recognized 
as occurring on moraines and outwash of the Frederika 
Glacier. The associations, designated by their dominant 
species, are: Salix alaxensis-Shepherdia canadensis-Cla
donia pyxidata; Salix glauca-Oxytropis deflexa; and, 
Dryas octopetala-Shepherdia canadensis. The noda are: 
Shepherdia canadensis-Oxytropis campestris; Hedysarum 
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alpinum-Oxytropis deflexa; and, A re tagrostis latifolia
POe.! arctica. 

(3) A successional sequence was determined on the 
basis of distribution of species and the graph cluster re
lat ionships of associations and noda. The sequence 
showed close correspondence between vegetation units 
and age of surface. Order of colonization appears to be the 
same for this area and Glacier Bay, although they are 
separated by 450 km and 1108 m in elevation. Major dif
ferences were noted in the successional roles of Dryas 
drummondii and Alnus crispa. 
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The Vegetation of Chitistone, Skolai 
and Frederika Valleys, Alaska 

Richard W. Scott* 

ABSTRACT. Where prolonged snow cover is lacking on slopes and in valley bo ttoms, the distribution of 
plant communities appears to be most closely and consistently related to soil moisture. Saturated soils sup· 
port associations and noda of mostly herbaceous, rhizomatous vascular plants with a variable ground cover of 
bryophytes. Dense turf vegetation is characteristic of stable, mesic slopes. Dry , unstable sites support loose 
aggregations o f species which occur as individuals or in small clumps. 

Introduction 

Previous discussions (Scott, pp. 307-329, this volume) 
have dealt with the relationship of plant associations and 
noda in the Chitistone Pass area to the age of outwash and 
moraine surfaces and to snow duration. The plant com
munities of the Chitistone-Skolai-Frederika area which 
occur in valley bottoms and on slopes at various eleva
tions have not been discussed. At such sites snow melts 
early in the season (as early as May) and has little direct 
influence on community composition. Melting snow is, 
however, a source of soil water which appears to be the 
major factor controlling vegetation gradients in both 
Arctic and alpine regions (Billings and Mooney, 1968). 
With few exceptions, the distribution of species and 
communities in the mountain valleys seems to be most 

. closely and consistently related to soil moisture. 

In the following treatment the distribution of alpine 
plant communities in relation soil moisture is discussed. 
The moisture scale used is based on field observations 
of the upper 10 cm of soil at the site of each sample plot. 
Categories include (1) saturated, (2) seasonally wet (irri
gated by meltwater during most of the growing season), 
(3) moist (soils containing sufficient water to be molded 
in the hand), and (4) dry (soils which crumble in the 
hand) . Quantitative de terminations of moisture gradients 
(including air and soil thermal regimes) and their relation
ship to vegetation patterns on a more restricted scale are 
to be reported elsewhere (Scott and Brazel , in prep.). 

The Vegetation of Saturated Soils 

At lower elevations one of the most common vegeta
tion types is the Carex aquatilis-Aulacomnium palustre 
association (Fig. 1). It occurs in the lower Skolai valley 
and on structural benches of the upper Skolai valley 
which are obviously older than the ±40-year-old outwash 
and moraines adjacent to them. Soils are black peats (see 
Fig. 2, p. 281) which attain a maximum observed depth of 
70 cm. This plant community is much richer in species 
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than the Carex aquatilis-Equisetum arvense association 
found on younger surfaces. The Carex aquatilis-Equi
setum arvense association is relatively low in species (25 
recorded) and occurs on seasonally wet to saturated, 
fine-grained surfaces. Many of the 25 species are rhizo
matous, resulting in the patchy aspect typical of early 
successional stages. Because of this, local shifts in domi
nant species are to be expected, particularly in transi
tion zones, to drier peripheral areas. These shifts are 
exemplified by the Carex membranacea and Epilobium 
angustifolium noda which occur along the margins of 
the association. Neither the Carex aquatilis-Equisetum 
arvense nor the Carex aquatilis-Aulacomnium palustre 
associations occur at elevations greater than 1385 m, nor 
do they occur on slopes above valley floors. Due to dif
ferences in species compostion and richness (Scott, pp . 
288, 291, this volume) the two associations have a low 
cluster affinity (Fig. 2) . 

A vegetation type which is widespread throughout the 
lower and middle alpine zone is the Petasites frigidus
Aulacomnium palustre association. At elevations higher 
than 1540 m, this association is confined to streambanks 
and snowflush zones (Fig. 3) . At lower elevations it is 
found at sites with standing water, such as the wet mead
ows surrounding "Lower Skolai Lake" (Fig. 1) . The 
mosses Aulacomnium palustre, Bryum pseudo triquetrum, 
Hylocomium alaskanum, and Tomenthypnum nitens 
form extensive mats. The Bryum pseudo trique trum
Aulacomnium palustre nodum is recognized as a variant 
of the association based on its low coefficient of simi
larity (0.4443). The sample plots on which the nodum is 
based occurred on slightly better drained sites which are 
reflected in the increased cover values of Carex aquatilis 
and C. bigelowii, which have low cover and constancy in 
the association. Carex bigelowii is common at higher ele
vations on seasonally wet sites and is considered atypical 
of wet meadows at low elevations on valley floors. The 
Cassiope tetragona-Aulacomnium palustre nodum of this 
association (Fig. 4) is intermediate between wetland veg
etation and the Cassiope tetragona-Vaccinium uliginosum 
nodum which occurs on well-drained hillsides throughout 
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Fig. 1. Lower Skolai meadows. Plant communities are the Carex aquatilis-Aulacomniuln palustre and 
l'etasites frigidus-Aulacomnium palustre associations. Scattered willows are Salix glauca. 
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Fig. 2. Cluster relationships of the Carex aquatilis-Equisetum 
arvense association. Numerical values indicate coefficients of 
similarity between units of vegetation. 

Fig. 3. Petasites frigidus-Aulacomnium palustre association 
along streambank at 1630 m. 
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Fig. 4. Cassiope tetragona noda and their cluster re lationships. 
Numerical values indicate coefficients of similarity between units 
of vegetation. 

the area and structural benches of the upper Skolai 
valley. 

The Arctagrostis latifolia-Equisetum arvense associa
tion (Fig. 5) is widespread in the region on south- and 
southeast-facing slopes that are snowfree in late May. It 
is easily recognized by the dense growth of A rctagrostis 
latifolia in moist swales. Although A. latifolia is occa-
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Fig.S. Cluster relationships of the Arctagrostis latifolia-Equi
setum anJense association and its noda. Numerical values indi
cate coefficients of similarity between units of vegetation. 

sional elsewhere in the alpine zone (for example, Frederi
ka I moraines, see p. 322), it only attains high cover
constancy values in the seasonally wet swales of south
and east-facing slopes. Frost patterns are lacking, for the 
most part, on the slopes where this association occurs. 
One exception is the presence of solifluction terraces 

Fig. 6. Artemisia tilesii-Mertensia paniculata nod um at the base of Skolai valley solifluction terrace. S ur
rounding vegetation is the Salix reticulata-Carex podocarpa association. 
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Fig. 7. Carex bigelowii-A ulacomnium palustre association. 

which are well developed due to the combination of sub
surface flow and a dense vegetation mat. One nodum 
(Artemisia tilesii-Mertensia paniculata) occurs at the 
base of such terraces (Fig. 6), where it forms distinctive, 
dense stands easily recognized by the thick growth of 
Mertensia paniculata and Artemisia tilesii. Though M. 
paniculata is restricted to wet areas, A. tilesii has an ap
parent wide tolerance, occurring on dry, unstable slopes, 
glacial outwash, and wet sites. M. paniculata is wide
spread at lower elevations where it often occurs in d~nse 
willow thickets, but it is restricted to the margins of 
rocks, ledges, and solifluction terraces at higher eleva
tions. 

At lower elevations near the bases of slopes, Salix alax
ensis thickets extend up the swales and gullies from 
floodplain thickets. The second nodum (Salix alaxensis
Artemisia arctica) of the association occurs at such sites 
and is transitional to lower alpine and subalpine S. alax
ensis thickets. Like the S. alaxensis-A. arctica nodum, 
the Salix glauca-Artemisia arctica nodum also occurs at 
the base of swales which support the association at high-
er elevations. Although A. arctica occurs in both noda, 
they differ more than in the dominant species of wil-
low. Their understory vegetation is quite different as re
flected in their low coefficient of similarity (0.3076). 
Both noda represent the vegetation of willow thickets on 
the bases of lower alpine slopes which support assemblages
of species much older than those of recent flood plain and 
moraine willow thickets. The two noda represent a signif
icant elevation differential (185 m). Additional sampling 
would probably justify the recognition of two distinct 
associations. Salix alaxensis rarely occurs far above valley 
floors, while S. glauca forms dense, low thickets as high 
as 1540 m on south-facing slopes. 

The Carex bigelowii-Aulacomnium palustre association 
(Fig. 7) is common on seasonally wet slopes which are 
generally south-facing. It is best developed on Skolai and 
Frederika slopes where extensive sedge meadows occur 
in the elevational range of 1450-1630 m. The dominant 
Carex bigelowii is typical of such slopes, although it oc
casionally occurs in wet meadows as low as 1230 m in 
the Skolai valley. Two noda are recognized: C. bigelowii
Tomenthypnum nitens and C. bigelowii-Bryum pseudo
triquetrum (Fig. 8). Both commonly occur with the as
sociation. Carex bigelowii-T. nitens is typical of margills 
and slightly raised sites such as the upper surfaces of soli
fluction terraces. In slightly wetter areas, the C. bigelowii
B. pseudotriquetrum nodum shows a decrease in the den
sity of C. bigelowii with a corresponding increase in B. 
pseudo triquetrum. This nodum is considered to be inter
mediate between seasonally wet sedge meadows and the 
saturated soils of the Petasites frigidus-Aulacomnium 
palustre association. The C. bigelowii-T. nitens nodum 
is transitional between the seasonally wet sites of the as
sociation and the Dryas octopetala-Cetraria cucullata as
sociation. 

The Salix polaris-Hylocomium alaskanum association 
forms dense mats in the upper part of the middle alpine 
zone. It is especially common on the south and southeast 
slopes of Chitistone Pass, where it occurs on streambanks 
and stabilized talus in the elevational range of 1785-
1940 m. It is rich in species, although many of the low 
constancy members simply reflect slight habitat differ
ences between the plots on which the association is 
based. The following species occur on the wettest sites 
where the association is found: Cardamine bellidifolia, 
Corydalis pauciflorus, Petasites frigidus, Ranunculus 
nivalis, Saxifraga davurica, and S. punctata. This 
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Fig. 8. Cluster relationships of Carex bigelowii-A ulacomnium 
palustre association and noda. Numerical values indicate coeffi· 
cients of similarity between units of vegetation. 

association has relatively high cluster connections to 
other mesic turf vegetation of the middle alpine zone 
(Fig. 9) . 

Vegetation of Moist to Dry Habitats 

The Dryas octopetala-Cetraria cucullata association 
(Fig. 10) occupies mesic sites throughout the middle al
pine zone over a wide elevational range (1300-1900 m). 
At the highest elevation sampled, the association is re
stricted to shallow lithosols (often less than 10 cm deep) 
along intermittant watercourses and in protected depres
sions. At the lowest elevations it often occurs on rich, 
moist meadow soils along the margins of Salix glauca 
and S. alaxensis thickets. Some variation in the low con
stancy species was noted between low and high altitude 
members of the association. Carex capillaris, Cassiope 
tetragona, Empetrum nigrum, Polygonum bistorta, and 
Vaccinium uliginosum in particular occur in the associa
tion only at lower elevations. 

The Dryas octopetala- Vaccinium uliginosum nodum of 
the association occupies warmer and drier lithosols on 
shallow to steep slopes of Chitistone valley. Here it forms 

extensive stands on southeast slopes as steep as 42° . It is 
best developed in the elevational range of 1200-1330 m 
and was neither sampled nor observed elsewhere in the 
region. 

The Stereocaulon tomentosum-Cladonia pyxidata no
dum of the association is considered to be an intermedi
ate successional stage found on periglacial surfaces in the 
upper part of the middle alpine zone (1720-1850 m). It 
is especially widespread on moraines and gravel pave
ments of "Snag Glacier" in Chitistone Pass. It is rich in 
bryophyte and lichen species (64%), and most of the 
vascular plants found here are typical of unstable, rocky 
sites and recent surfaces. These are: Cerastium beeringi
anum, Festuca baffinensis, Minuartia arctica, Poa arctica, 
Saxifraga bronchialis, and S. rivularis. The nodum is con
sidered to represent approximately the same successional 
stage as the Dryas octopetala-Stereocaulon tomentosum 
nodum (Fig. 5, p. 323), but occurs at higher elevations. It 
shows cluster connections to the D. octopetala-S. tomen
tosum nodum with a similarity coefficient of 0.3845. The 
local similarity reflects the larger number of vascular 
species at low altitude, namely: Anemone parviflora, 
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Fig. 9. Cluster relationships of the Salix polaris-Hylocomium 
alaskanum association. Numerical values indicate coefficients of 
similarity between units of vegetation. 
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Fig. 10. Cluster relationships of the Dryas octopetaia-C('traria 
cucu llata association and its noda. Numerical values indicate co
efficients of similarity between units of vegetation. 

Antennaria monocephala, Astragalus nutzotinensis, 
Draba nivalis, Epilobium latifolium, Festuca brachyphyl
la, Minuartia rubella, Oxytropis nigrescens, Polemonium 
boreale, Salix reticulata, and Saxifraga caespitosa. 

The last nodum of the Dryas octopetala-Cetraria cu
cullata association is the Festuca altaica-Lupinus arcticus 
nodum. It occurs on moist, fine-grained alluvium in the 
Skolai valley. It was observed to be widespread, but was 
sampled only once and thus is retained as a nodum. Most 
distinctive is the very dense growth of Festuca altaica. 
Seasonal dominance of Lupinus arcticus is apparent 
when this species is in bloom. The nodum appears to be 
confined to valleys in the lower alpine zone. Both domi
nants occur singly at much higher elevations where they 
form small, dense clumps on scree and talus slopes. 

The Vaccinium vitis-idaea-Dryas octopetala association 
(Fig. 11) was observed only at low elevations near the 
base of valley slopes. It occurs on dry, south-facing 
slopes which are well drained, although seasonally moist. 
Recent trimlines in the upper Skolai valley and slopes 
only a few feet above the Russell Glacier ice support this 
vegetation type . It is thus considered to be characteristic 
of young surfaces and no doubt is important in stabiliza
tion due to the many mat-forming species which occur 
here. Several species are typical members of early and 
intermediate flood plain successional stages, such as 
Arctostaphylos rubra, Hedysarum alpinum, Shepherdia 
canadensis, and Solidago multiradiata. 

Wh~re the Vaccinium vitis-idaea-Dryas octopetala as
sociation is found on exposed slopes, the Salix glauca
Empetrum nigrum association occurs in adjacent gullies 
which retain snow for a longer time and are protected 
from valley winds. The S. glauca-E. nigrum association 
is usually quite dense and provides a moist habitat for 
understory species. Many of these are typical boreal spe
cies, and their only occurrences in the lower alpine zone 
are in such thickets. These species, including those typical 
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of moist, shaded habitats, are : Epilobium angustifolium, 
Geranium erianthum, Juniperus communis, Linnaea 
borealis, Mertensia paniculata, and Rosa acicularis. The 
presence of Empetrum nigrum, Salix brachycarpa, and 
S. glauca in the V. vitis-idaea-D. octopetala association 
indicates encroachment of the willow thickets onto the 
exposed slopes which are bordered at the base and sides 
by willows. Festuca altaica occurs in both the Vaccinium 
vitis-idaea-Dryas octopetala and the Salix glauca-Em
petrum nigrum associations, although it has a higher con
stancy in the moist understory of willow thickets. On 
the drier, exposed slopes, it characteristically forms 
dense clones. 

Two noda of the Salix glauca-Empetrum nigrum as
sociation are recognized, both of which are based on the 
occurrence of Festuca altaica. The first is the F. altaica
Artemisia arctica nodum which o<;curs in mesic sites on 
the margins of willow thickets (S . glauca, S. planifolia, 
and S. richardsonii) . Although the status of this nodum 
is questionable due to floristic similarity indicated by 
cluster connections (> 0.5000) to the association, this 
nodum is , nevertheless, considered to be best treated 
separately because it occurs in openings and on the mar
gins of thickets. The second nodum based on this species 
is the F. altaica-Empetrum nigrum nodum. It occurs on 
dry slopes and margins of the Salix glauca-E. nigrum and 
Dryas octopetala- Vaccinium uliginosum associations. 

Whereas the Salix glauca-Empetrum nigrum association 
and its noda are confined to thickets and swales at slope 
bases, the Betulaglandulosa-Vaccinium uliginosum as
sociation forms conspicuous shrubby belts in the middle 
of slopes in the elevational range of 1540-1700 m, and 
is particularly well-developed in the range of 1230-1385 
m at the bases of west-facing slopes in Frederika valley . 

Vaccinium vitis·idaea · 
Oryas octopetala 

ASSOCIATION 

Festuca altaica . 
Artemisia arct ica 

NODUM 

Salix glauca . 
Empetrum OIgrum 
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Festuca altaica . 
Empetrum ntgrum 

NODUM 

Fig. 11. Cluster relationships of the Vaccinium vitis-idaea-Dryas 
octope taia association and its noda. Numerical values indicate 
coefficients of similarity between units of vegetation. 



VEGETATION OF CHITISTONE, SKOLAI AND FREDERIKA VALLEYS, ALASKA 337 

Belul" glandulosd 
VaCClnlum ul19,nosum 

ASSOCIATION 

CI.teIan!d r.mgdl!rHld 

Rhacoml l rlum t.,nuglnosum 

Dryas Qctope, .. I ... 

CeIF dfld ClICUIl.,ld 

ASSOCIA TION 

Cass10pe tetrdgOlla 
Aulacomnlum palus. r(> 

NODUM 

Tfllllenlhy pnu!1l nllens 

NODUM 

ASSOC IATION 

AulacomnlUm 'Mlus!r .. 

ASSOCIA TION 

Fig. 12. Cluster relationships of the Betula glandulosa- Vaccinium 
uliginosum association. Numerical values indicate coefficients of 
similarity between units of vegetation. 

The Betulaglandulosa-Vaccinium uliginosum association 
is well defined in terms of physiognomy and species com
position. Its cluster relationships with other communi
ties of moist to wet habitats are shown in Figure 12. 

Dry habitats occur in those areas which have steep un
stable slopes or on the margins of flood plains. The vege
tation of such sites is difficult to define and can best be 
described as a loose aggregation of species. Representa
tives of this group are Androsace septentrionalis, Ceras
tium beeringianum, Crepis nana, Douglasia gormani, 
Draba spp., Minuartia obtusiloba, Minuartia rossii, Papa
ver macounii, Polemonium boreale, P. pulcherrimum, 
Silene acaulis, and Smelowskia borealis. Such sites rarely 
have appreciable ground cover; the aforementioned spe
cies occur primarily as single, isolated individuals or 
small clumps. 

Summary 

The distribution and composition of the vegetation of 
valley slopes and stabilized surfaces seems to be most di
rectly related to moisture. Saturated soils support asso
ciations and noda of mostly herbaceous, rhizomatous, 
vascular plants. Bryophytes, particularly Aulacomnium 
palustre and Bryum pseudo triquetrum, are high con
stancy species in such areas. On seasonally wet sites, 
communities such as Arctagrostis latifolia-Equisetum 
arvense and Carex bigelowii-Aulacomnium palustre are 
common. Moist slopes support dense turf vegetation; for 
example, the Dryas octopetala-Cetraria cucullata associ
ation . The Salix polaris-Hylocomium alaskanum associ
ation is a turf community considered to be transitional 
between saturated and moist soils. The vegetation of dry 
sites is best described as a loose aggregation of species 
which occur as individuals or in small clumps. 
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Floristic and Ecological Phytogeography of the Southeastern 
Wrangell Mountains, Alaska 
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ABSTRACT. The Hulten Theory of Equiformal Progressive Areas was examined on the basis of floristic 
and ecological information from the southeastern Wrangell Mountains, Alaska. Equiformal progressive groups 
were combined into floristic elements for the purpose of comparison with three other areas of northwestern 
North America. The elements represented in the flora reflected proximity to glacial refugia and the modern 
macroclimatic regimes of each. Ecologically, it was found that species radiating from the most proximal re
fugia had the widest distribution in the plant communities. Those species on the periphery of their equiformal 
patterns were most poorly represented in the vegetation. The distribution of rigid and plastic species in the 
Wrangcll Mountains appeared to be consistent with the Huiten concept. It was concluded that the theory has 
remarkable predictive value for the size of a flora. However, the disposition of progressive elements within the 
flora varies according to environmental restrictions imposed by the macroclimate . Equiformal groups are 
merely floristic assemblages of species with similar macrodistributional patterns and do not form ecological 
units at the local scale. 

Introduction 

During the Wisconsin stage of the Pleistocene Epoch 
great changes were brought about in the ranges of plant 
species throughout much of the North American conti
nent. Some populations apparently survived near the 
southern limits of glaciation, while others were able to 
persist within or near the northern limits of the conti
nental ice. In the wake of the retreating ice, plants re
colonized vast areas. The sources of diaspores for this 
repopulation, the location, size , and composition of con
tributing populations, and the directions by which mi
gration occurred have long been important questions for 
students of northern floras. 

One of the most intriguing theories dealing with post
glacial migration of plant species is that of Equiformal 
Progressive Areas (Huiten, 1937). That theory is based 
on the concept that as plants migrate from a dispersal 
center they will naturally segregate into more or less 
concentric ranks according to their genetic plasticity. 
Distribution maps of such species can be organized into 
groups which Hulten calls "equiformal progressive areas." 
These areas, which are comprised of range patterns that 
are equiformal within themselves, have more or less well
defined geographical limits. Each progressive area has a 
number of subunits based on the abili~y of the compo
nent species to invade and colonize areas laid bare by re
cession of continental ice. Each species has presumably 
acquired its present range by dispersal from a center of 
origin; species concentrations within each progressive 
area are assumed to indicate these centers of origin. 
Huiten designated areas of species concentrations as 
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centers and the species contained within them as cen
trants. Species having different extensions from the 
centers and more or less concentric distribution were 
termed radiants. Some of the progressive areas contained 
large numbers of species while others had fewer. It was 
significant, according to Huiten, that each contained 
phylogenetically unrelated species " ... seemingly with
out any regularity." The areas (elementary areas) from 
which each of the species groups formed were indicated 
by the geographic location of the centers. Coincidence 
between the distribution of centers and the distribution 
of Wisconsin ice was eviden t. According to Hulten, the 
radiants spread over deglaciated areas from refugia which 
can be located by the geographic position of centers with
in equiformal progressive areas. Species confined to cen
ters were designated as rigid species because of their in
ability to colonize terrain laid bare by the receding ice. 
Species which regained their original ranges, or large 
parts of them, by migration from the centers were des
igna ted as plastic species_ 

This paper examines the Hulten theory in terms of the 
vascular flora and plant communities of the southeastern 
Wrangell Mountains. If the theory is tenable, a recently 
glaciated area such as the Wrangell Mountains should 
have been re populated by a low percentage of rigid 
species and a high percentage of plastic species from 
more remote distribution centers. The theory is tested 
first floristically, by comparing the species observed with 
those predicted, and second ecologically, by examining 
the distribution of species in the plant communities. The 
second test attempts to resolve the question of whether 
the Huiten species assemblages are ecological or floristic. 

The Wrangell Mountains are ideal for such a test in view 
of their geographic proximity to several ofHulten's refugia, 
and because of their floristic structure (relatively few 
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species, little endemism). Many surfaces are only recent
ly deglaciated and colonization is currently taking place. 
A few studies of this sort have been conducted previously 
in North America (J ohnson and Packer, 1967; J ordal, 
1951; Raup, 1947). Most detailed was Raup's phytogeo
graphic analysis of the alpine flora of the Brintnell Lake 
area, Mackenzie Territory. Raup concentrated on the 
flora rather than the plant communities, however. As a 
result of his study, Raup had three criticisms of Hulten 's 
theory: (1) Hulten's species list was incomplete-17% of 
the Brintnell Lake taxa, 45 species out of the total 285 
species and varieties, were not discussed in the original 
work; (2) many of Hulten's range gaps were simply ex
ploration gaps; (3) Hulten's original sorting of distribu
tion patterns was open to question in certain instances. 

Equiformal Patterns in the Southeastern 
Wrangell Mountains 

The following outline presents the equiformal pat
terns found in the Wrangell Mountain flora and the spe
cies included in them. Nomenclature and distribution pat
terns are based on Hulten (1968), which is the most up
to-date account of the Alaskan flora. Species not in the 
original treatment (Hulten, 1937) are included in their 
proper phytogeographic groups. Their placement is based 
on distribution patterns given in Hulten (1968). Some 
species are treated in groups differing from the original 
ones in consideration of current distributional informa
tion. The following species were included in two groups 
b)' Hulten: Agropyron violaceum, Arctagrostis latifolia, 
Carex atrofusca, Cassiope tetragona, Draba alpina, Eutre
ma edwardsii, Juncus castaneus, Melandrium affine, 
Polemonium pulcherrimum, Populus tremuloides, Salix 
arctica, and Taraxacum lacerum. In this paper they are 
treated as members of one group only. Since details of 
the range patterns are in Hulten (1937), they will not be 
repeated here except to give a general account of each. 
Designations in parentheses following the name of each 
pattern include the following: (1) the page number in 
Hulten (1937) on which the group is discussed; (2) the 
plate in Hulten (1937) showing the distribution of all 
species included in an equiformal pattern; (3) the figure 
in the present paper which shows maximum range limits 
of the equiformal pattern based on Wrangell Mountain 
species only. 

Pattern 1: Oceanic, northern Pacific plants radiating 
from southern Beringia (Hulten, p. 38, PI. 9; Fig. 1). This 
group is distributed throughout a comparatively small 
area; it radiates from centra which lie in the Bering Sea 
area-one of Hulten's major refugia. For the most part, 
the plants are distinctly oceanic species which radiate 
toward western North America and eastern Asia from the 
Bering Sea region. It is in the context of this group that 
Hulten defmes the concept of elementary areas which are 
isolated fragments of once-continuous distribution pat
terns. Many species occupying these areas are character
ized by gaps in their distribution, which Huiten attributes 
to depauperation of biotypes and loss of spreading capac-
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ity. Such species are found only at sites where they were 
left by maximum glaciation. Those elementary areas in 
closest proximity to the Wrangell Mountains include 
coastal North America from Washington to southeastern 
Alaska, the Aleutian Islands, and the southeastern coast 
of the Bering Straits. Thirteen species of the Wrangell 
Mountain flora belong to this group, namely: 

Angelica lucida 
Aphragmus eschscholtzianus 
Campanula lasiocarpa 
Carex nesophila 
Chrysosplenium wrightii 
Epilobium sertulatum 
Geranium erianthum 
Papaver alaskanum 

Pedicularis langsdorfii 
ssp.langsdorfii 

Poa brachyanthera 
Ranunculus sulphureus 

ssp. intercedens 
Salix arctica 

ssp. crassijulis 
Saxifraga bronchialis 

ssp. cherlerioides 

Pattern 2: Arctic Eurasiatic plants radiating from 
northern Beringia (Hulten, p. 48, PI. 10; Fig. 2). Plants 
of this group are more continental in nature than those 
of the preceding group. They are mostly Arctic species 
which have spread westward into Siberia. Consequently, 
one would expect to find few representatives in the 
Wrangell Mountain flora and this proves to be true with 
only two species represented. The presence of one species, 
Polemonium acutiftorum, which Hulten uses as an ex
ample of one which has kept its spreading capacity, is 
questionable. The species is very common and variable 
throughout Alaska and the northern cordillera and is 
best included in the group radiating from unglaciated 
parts of continental Alaska-the boreal circumpolar 
group of Pattern 12. The two Wrangell Mountain species 
considered to belong to the Arctic Eurasiatic group are 
Astragalus umbellatus and Saxifraga serpyllifolia. 

Pattern 3: Rigid American plants radiating from 
northern Beringia (Hulten, p. 53, PI. 11; Fig. 3). This 
group consists mostly of Arctic plants which occupied 
the northernmost part of the western North American 
continent during Wisconsin glaciation. They correspond 
to the Arctic Eurasiatic group but have migrated east
ward rather than westward from the northern Bering 
Straits region (Beringia). Species of this group are de
cidedly rigid and for the most part are confined to Arctic 
North America and Greenland. Both ~id and plastic 
species are an integral part of the Hulten theory because 
they are used to define refugia, that is, those species 
endemic to restricted areas are rigid, indicate a refugium, 
and are still there because of biotype depauperation. The 
following quotation indicates the Hulten concept of rigid 
vs. pla.stic species: 

Even if the theory of the equiformal progressive areas were 
thus not recognized as natural groups, the area of each of the 
more widespread species belonging to groups 1 and 2 (Plastic 
Boreal Eurasiatic plants) could be compared with that of any 
of the more widespread species belonging to groups 3-8 (Rigid 
Boreal Eurasiatic plants), and the same striking contrast would 
have to be explained (in reference to distribution patterns). 
The correct interpretation is doubtless that groups 3-8 for
merly occupied areas similar to those of the groups 1-2, but 
these areas were partially destroyed by the ice that covered 
northern Europe and northwestern Siberia during the Pleisto
cene glaciation. The plants belonging to groups 3-8 thereby 
lost either wholly or for the most part their capability of 
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occupying new areas and they remain today more or less in the 
same stations as when the ice had its maximal extension. 

I propose to call species with such properties rigid species 
and such areas rigid areas. The others, group 1-2, were not 
deprived of their capacity to spread but have occupied in post
glacial time the earlier glaciated area. They thus, contrary to 
the rigid species, have performed considerable migrations in 
postglacial time. I propose to call such species plastic species. 

Hulten's concept is interpreted for purposes of the pre
sent vegetation analysis to mean that rigid species are 
either are ally confined or habitat restricted because of 
narrow environmental tolerances; they should be re
stricted to one, or a few, communites. Plastic species, on 
the other hand, are widely distributed and should be the 
common species in a given region, occurring in a number 
of plant communities representing different microenvi
ronments. Thus, it is of special interest that 13 out of a 
maximum of 28 species listed by Hulten as belonging to 
this rigid group with a mainly Arctic distribution, and 
radiating from northern Beringia, are found to occur as 
far south as the alpine region of the Wrangell Mountains. 
The following species belong to this group: 

Arabis arenicola 
Arnica alpina 

ssp. angustifolia 
Agropyron boreale 

ssp. hyperarctium 
Carex membranacea 
Festuca ovina 

ssp. alaskensis 
Lupinus arcticus 

Oxytropis borealis 
Oxytropis maydelliana 
Papaver lapponicum 
Salix richardsonii 
Saxifraga tricuspidata 
Senecio atropurpureus 

ssp. frigid us 
Taraxacum lacerum 

Pattern 4: Plastic American plants radiating from the 
y.ukon valley (Hulten, p. 55, PI. 12; Fig. 4). Plants of 
this group are mostly montane, although some ranges in
clude Arctic regions (for example, Parnassia kotzebuei). 
They occupy glaciated areas for the most part, and do 
not occur in the Arctic Archipelago as the previous group 
does. It is in the context of these two groups that Hulten 
discounts the possibility of a refugium in the Arctic 
Archipelago because of the lack of endemics. Centrants 
of the group are the narrow endemics restricted to Alas
ka and Yukon, such as Boykinia richardsonii and 
Smelowskia borealis. Members of this group which occur 
in the Wrangell Mountains are: 

Antennaria isolepis 
Antennaria monocephala 

ssp. philonipha 
Astragalus nutzotinensis 
Carex concinna 
Carex microchaeta 
Castilleja hyperborea 
Arctagrostis poaeoides 
Dodecatheon frigidum 
Douglasia gormani 
Dryas octopetala 

ssp. alaskensis 
Erigeron elatus 
Gentiana propinqua 

ssp. arctophila 
ssp. propinqua 

Hedysarum mackenzii 
Mertensia paniculata 

var. paniculata 
Oxytropis scammaniana 
Oxytropis sheldonensis 

Parrya nudicaulis 
ssp. interior 

Parnassia kotzebuei 
Picea glauca 
Papaver macounii 
Rubus arcticus 

ssp. acaulis 
Salix brachycarpa 

ssp. niphoclada 
Salix glauca 

ssp. acutifolia 
Saussurea angustifolia 
Saussurea viscida 

var. yukonensis 
Saxifraga reflexa 
Senecio atropurpureus 

ssp. tomentosus 
Smelowskia borealis 

var. borealis 
Solidago multiradiata 

var. multiradiata 
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Pattern 5: Arctic circumpolar plants and their initials 
radiating from northern Beringia (Hulten, p. 57, PI. 13; 
Fig. 5). These plants are regarded by Hulten to be for
mer Arctic circumpolar species that have had their areas 
reduced by Illinoian and Wisconsin glaciation. The group 
is distinctly a:n Arctic one which has radiated from the 
northern part of Beringia. Unlike the four preceding 
groups, these are bilateral radiants occupying approxi
mately equal areas in both Eurasia and America. With 
the exception of Salix alaxensis, all members of this 
group are Arctic species with disjunctions southward in 
the Alaskan mountain ranges. Wrangell Mountain repre
sentatives are: 

Douglasia ochotensis 
Draba caesia 
Draba macrocarpa 

Eriophorum callitrix 
Luzula arctica 
Salix alaxensis 

Pattern 6: Arctic circumpolar plants and their initials 
radiating from Beringia, also reaching the Pacific shores 
(Arctic-Pacific plants) (Hulten, p. 60, PI. 14; Fig. 6). 
This group has the same history as the preceding one, ac
cording to Hulten. It is distinguished from it, however, 
on the basis of members which have reached the south
ern shores of Beringia. Since some occupy large areas 
along the Pacific in addition to their Arctic range, they 
are also referred to as Arctic-Pacific species. The group 
as interpreted here includes montane and boreal species 
with a bilateral distribution from the Bering Straits. 
Wrangell Mountain species are: 

Aconitum delphinifolium Oxytropis nigrescens 
ssp. delphinifolium Pedicularis langsdorfii 
ssp. paradoxum ssp. arctica 

Anemone richardsonii Polemonium boreale 
Antennaria monocephala ssp. boreale 

ssp. monocephala var. boreale 
var. monocephala var. villosissimum 

Arctagrostis latifolia Polygonum bistorta 
A rctophila fulva ssp. plumosum 
Arnica lessingii Potentilla hyparctica 

ssp. lessingii ssp. hyparctica 
Arnica frigida ssp. nana 
Artemisia tilesii Pyrola grandiflora 

ssp. tilesii Ranunculus nivalis 
'Cardamine pratensis Rumex arcticus 

ssp. angustifolia Salix arctica 
Carex bicolor ssp. arctica 
Carex lugens Salix phlebophylla 
Cassiope tetragona Salix polaris 

ssp. te tragona ssp. pseudopolaris 
Chrysosplenium tetrandrum Salix pulchra 
Claytonia sarmentosa var. yukonensis 
Draba alpina Salix rotundifolia 
Draba cinerea Saxifraga davurica 
Draba lactea ssp.grandipetala 
Erigeron eriocephalus Stellaria edwardsii 
Erysimum pallasii Stellaria laxmannii 
funcus arcticus Taraxacum kamtschati-

ssp. alaskanus cum 
Luzula tundricola Tofieldia coccinea 

Pattern 7: Atlantic-Pacific plants (Hulten, p. 63, PI. 
15; Fig. 7). These are mostly oceanic species with ex
tensive coastal distributions along both sides of the At
lantic and Pacific oceans. They rarely occur on Arctic 
coasts and are characterized by continental gaps in their 
distribution. Several of the species also occur in the 



FIGS. 1-9. (1) Oceanic, northern Pacific plants radiating from southern Beringia. (2) Arctic Eurasiatic plants radiating from northern Berin
gia. (3) Rigid American plants radiating from northern Beringia. (4) Plastic American plants radiating from the Yukon valley. (5) Arctic circum· 
polar plants and their initials radiating from northern Beringia. (6) Arctic circumpolar plants and their initials radiating from Beringia, also 
reaching the Pacific shores (Arctic-Pacific plants). (7) Atlantic-Pacific plants. (8) Western American plants reaching the Bering Sea, radiating 
from the coastal refugia. (9) Boreal American plants, coast to coast in America and also in eastern Asia. 
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southern hemisphere, and the group as a whole apparent
ly survived glaciation in a number of refugia. The single 
member of this group in our area is Luzula arcuata ssp. 
arcuata. 

Pattern 8: Western American plants reaching the Ber
ing Sea, radiating from the coastal refugia (Hult~n, p. 65, 
PI. 16; Fig. 8). plants which are distributed east of the 
Bering Straits are referred to this group. Included are 
both strictly oceanic species and those of a somewhat 
more continental nature. The fact that the centrants are 
members of polymorphic genera and are not well-differ
entiated taxonomically indicates that they are a recent 
group, according to Hult~n. Linnaean species are con
sidered to have developed through pre-Illinoian isolation, 
while " ... differences of lower rank than Linnaean spec
ies were developed by the same process after the maxi
mum glaciation ... " Oceanic-continental representatives 
in the Wrangells are: 

Cardamine umbellata 
Carex macloviana 

ssp. pachystachya 
Lupinus nootkatensis 
Poa lanata 

Salix barclayi 
Saxifraga lyal/ii 

ssp. hultenii 
Saxifraga rivularis 

var. flexuosa 

Pattern 9: Boreal American, coast to coast in America, 
and also in eastern Asia (Hult~n, p. 73, PI. 19; Fig. 9). 
This group includes a few of the widespread boreal spe
cies that also occur in coastal areas on the Asian conti
nent. They are thought to have survived glaciation within 
an unbroken zone along the southern margin of the con
tinental ice sheet. They are mostly boreal species and 
montane species which rarely occur in the Arctic. In the 
Wrangell Mountains they are represented in the lower al
pine zone by Cornus canadensis and Heracleum lanatum. 

Pattern 10: The continental western A merica radiants. 
This rather large assemblage includes three groups: (a) 
The Hrst (western American plants of continental char-
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acter-Hult~n, p. 75, PI. 20; Fig. lOa) is thought to have 
survived glaciation in the upper Yukon valley or in the 
mountains 'immediately south (Alaska Range). It includes 
the following Wrangell Mountain species: 

Anemone dru mmondii 
Arabis lemmoni 
Carex atra ta 

ssp. atrosquamea 
Claytonia bostockii 
Delphinium glaucum 
Draba lonchocarpa 
Draba longipes 
Oxytropis viscida 

Pedicu laris sudl'fica 
ssp. interior 

1'0 te l1 tilla dil'ersifolia 
Saxifraga adsccndem 

ssp. oregonensis 
Solidago mllltiradiata 

var. scoI'll/orum 
S tellaria alaskana 
Zygadenlls elegans 

(b) Members of the second group (boreal American plants 
of continental character reaching from coast to coast
Hult~n, p. 77, PI. 21; Fig. lOb) have the same general dis
tribution pattern as the Hrst, but also occur on the coast 
of eastern North America. They are thought to have sur
vived glaciation in the upper Yukon valley and south of 
the continental ice margin. These species are: 

Achillea borealis 
Anemone parviflora 
Arabis drummondii 
Betula glandulosa 
Carex garberi 

ssp. bifaria 
Dryas drummondii 
Erysimum inconspicuum 
Hedysarum alpinum 

ssp. americanum 
Ledum palustre 

ssp. groenlandicum 

Linnaea borealis 
ssp. americana 

Petasites sagittatus 
Plantanthera hyperborea 
Populus balsamifera 
Populus tremuloides 
Shepherdia canadensis 
S milicina stellata 
Veronica wormskjoldii 

ssp. wormskjoldii 
Viburnum edule 

(c) The third group (boreal American plants also occur
ring in eastern Asia-Hulten, p. 78, PI. 22; Fig. 10c) has a 
distribution pattern similar to the Hrst two, except that 
it occupies a portion of the Asian continent in addition 
to its American continental distribution. As in the case 
of members of other boreal groups, these plants are 
thought to have survived glaciation in a southern ice 

.Pig. 10. The continental western America radiants. la) Western American plants of continental character. (b) Boreal American plants of 
continental character. (c) Boreal American plants also occurring in eastern Asia. 
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Fig. 11. The Arctic·montane plants. (a) Circumpolar, Arctic-montane plants and their initials, not occurring in the southern Rocky 
Mountains. (b) Arctic-montane plants, not occurring in eastern America. (c) Circumpolar, Arctic-montane plants, not reaching the Gulf 
of St. Lawrence. (d) Circumpolar, Arctic-montane plants reaching the Gulf of St. Lawrence. 

margin refugium. Representatives of this distribution pat
tern in our area are: 

Arctostaphylos rubra 
Carex scirpoidea 
Polemonium pulcherrimum 
Pyrola asarifolia 

var. purpurea 
Ranunculus eschscholtzii 

var. eschscholtzii 

var. suksdorfii 
R ibes triste 
Trisetum spicatum 

ssp. molle 
Vaccinium vitis-idaea 

Pattern 11: The Arctic-montane plants. This large 
group is considered distinct by Hulten because the species 
have occurrences in both Arctic and montane districts of 
the far south. These groups and their representatives in 
the Wrangell Mountains are: (a) Circumpolar, Arctic
montane plants and their initials, not occurring in the 
southern Rocky Mountains (Hulten, p. 92, PI. 27; Fig. 
lla). This group is represented, according to Hulten, by 
species confined in America to partly unglaciated or less 
heavily glaciated Arctic coast, the reason being that they 
were not able to reach the southern limits of the ice 
sheet prior to Illinoian and Wisconsin glaciation. It thus 
consists primarily of an Arctic branch and lacks the mon
tane branch typical of the next three groups. Wrangell 
Mountain species are: 

Agropyron boreale 
ssp. bo reale 

Betula nana 
ssp. cxilis 

Carex atrofusca 
Carex bigelowii 
Carex consimilis 
Carex krausei 
Draba hirta 
Empetrum nigrum 
Epilobium davuricum 
Equisetum scirpoides 
Eriophorum vaginatum 
Eutrema edwardsii 
Festuca altaica 

f. altaica 
f. pallida 

Festuca vivipara 
Hedysarum hedysaroides 
Hierochloe alpina 
funcus biglumis 
f uncus castaneus 

ssp. castaneus 
Luzula confusa 

Lycopodium selago 
ssp. appressum 

Melandrium affine 
Minuartia stricta 
Parrya nudicaulis 

ssp. nudicaulis 
var. grandiflora 

Pedicularis labradorica 
Poa alpigena 
Ranunculus hyper-

boreus 
ssp. hyperboreus 

Rhododendron lap-
ponicum 

Saxifraga hieracifolia 
Saxifraga nivalis 
Stellaria laeta 
S tellaria monantha 
Tofieldia pusilla 
Vaccinium uliginosum 

ssp. microphyl/um 
Woodsia alpina 

(b) Arctic-montane plants not occurring in eastern Ameri
ca (Hulten, p. 95, PI. 28; Fig. lIb). Unlike the first 
group, these plants reached the southern mountains prior 
to maximum glaciation. They are primarily mountain 
plants with restricted distribution in Arctic areas. In our 
area these species are: 

Artemisia arctica 
ssp. arctica 

Artemisia furcata 
Aster sibiricus 
Carex podocarpa 
Corydalis pauciflora 
Dryas octopetala 

var. octopetala f argentea 
var. viscida 

Gentiana prostrata 
Luzula arcuata 

ssp. utlalaschcensis 
Minuartia arctica 
Minuartia macrocarpa 

Minuartia obtusiloba 
Poa paucispicula 
Potentilla biflora 
Ranunculus gelidus 
Sax ifraga flage llaris 

ssp. setigera 
Saxifraga punctata 

ssp. nelsoniana 
Sedum rosea 

ssp. integrifolia 
Stellaria umbellata 
Taraxacum alaskanum 
Valeriana capitata 

(c) Circumpolar, Arctic-montane plants, not reaching the 
Gulf of St. Lawrence (Hulten, p. 97, PI. 29; Fig. llc). This 
and the following group both have well-developed Arctic 
branches. Plants of this group are thought to have reached 
south of the ice boundary earlier than the maximum 
glaciation. Wrangell Mountain species are: 

Agropyron violaceum 
Calamagrostis purpurascens 

ssp . purpurascens 
Crepis nana 

var. nana 
Draba crassifolia 
Draba fladnizensis 
Erigeron humilis 
Festuca baffinensis 
Kobresia myosuroides 
Gentiana tenella 
Minuartia biflora 
Minuartia rossii 
Melandrium apetalum 

Pedicularis capitata 
Pedicularis kanei 

ssp. kanei 
Phippsia algida 
Poa arctica 

ssp. arctica 
ssp. vivipara 

Ranunculus pedatifidus 
ssp. affinis 

Ranunculus pygmaeus 
ssp. pygmaeus 

Saxifraga hirculus 
var. alpina 

(d) Circumpolar, Arctic-montane plants reaching the 
Gulf of St. Lawrence (Hulten, p. 100, PI. 30; Fig. lId). 
T-hese are a widespread group of species which Hulten 
believes is an old group that once covered large areas. 
Species of our area are: 
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Fig. 12. The boreal circumpolar plants. (a) Boreal circumpolar plants with confluent continental areas. (b) Boreal circumpolar plants 
with a gap in eastern America. (c) Boreal circumpolar plants with a gap in Europe. (d) Boreal circumpolar plants with strongly disjunct 
areas. 

A ndrosace septentrionalis 
Astragalus alpinus 
Cardamine bellidifolia 
Carex aquatilis 

ssp. aquatilis 
Carex capillaris 
Carex lachenalii 
Carex maritima 
Carex nardina 
Cerastium beeringianum 
Cystopteris fragilis 
Draba lanceolata 
Draba nivalis 
Dryas integrifolia 

ssp. integrifolia 
ssp. sylvatica 

Epilobium anagallidifolium 
Epilobium angustifolium 

ssp. angustifolium 
Epilobium latifolium 
Erigeron compositus 

var. glabratus 
Equisetum arvense 
Equisetum variegatum 
Eriophorum angustifolium 
Eriophorum scheuchzeri 
Festuca brachyphylla 
Festuca rubra 
Juncus triglumis 

ssp. albescens 

Juniperus communis 
ssp. nana 

Koenigia islandica 
Luzula multiflora 

ssp. multiflora 
var. frigida 

Luzula parviflora 
ssp. parviflora 

Luzula spicata 
Minuartia rubella 
Oxyria digyna 
Oxytropis deflexa 

var. foliosa 
Poa alpina 
Poaglauca 
Polygonum viviparum 
Salix reticulata 
Saxifraga caespitosa 

ssp. sileneflora 
Saxifraga cernua 
Saxifraga oppositifolia 

ssp.oppositifolia 
Senecio resedifolius 
Sibbaldia procumbens 
S ilene acaulis 
Stellaria longipes 
Taraxacum ceratophorum 
Trisetum spicatum 

ssp. spicatum 

Pattern 12: The bOTeal ciTcumpoklT pklnts. These plants 
are thought to have possessed large circumpolar ranges 
prior to continental glaciation. They survived glaciation 
south of the ice or in refugia surrounded by it but rarely 
north of it. Since most were not "locked in" by conti
nental ice, they did not suffer biotype depauperation 
and hence were able to occupy large areas following re
cession. Hulten attributes the great diversity in these 
groups to reoccupation of previous areas by radiants 
from several centra isolated from remnants of an old 
area. The boreal circumpolar plants are comprised of 
four groups: (a) Boreal circumpolar plants with confluent 
continental areas (Huiten, p. 120, Pi. 36; Fig. 12a). These 
species are widely distributed with no noticeable inter
ruptions around the pole . In the Wrangells these are: 

Arctostaphylos uva-ursi 
var. uva-ursi 

Botrychium lunaria 
Carex media 
Corallorhiza trifida 
Lycopodium annotinum 

ssp. annotinum 
Moneses uniflora 

Parnassia palustris 
ssp. neogaea 

Pyrola secunda 
var. ob tusata 

Rosa acicularis 
Vaccinium uliginosum 

ssp. alpinum 

(b) Boreal circumpolar plants with a gap in eastern 
America (Huiten, p. 125, Pi. 39; Fig. 12b). All members 
of this group radiate from unglaciated Alaska. They 
were depauperated during the last glaciation and con
sequently have not reoccupied all of glaciated North 
America. These are : 

Anemone patens 
Lloydia serotina 
Myosotis alpestris 

ssp. asiatica 
Petasites frigidus 
Polemonium acutiflorum 

Potentilla hookeriana 
ssp. hookeriana 

var. hookeriana 
Viola epipsila 

ssp. repens 

(c) Boreal circumpolar plants with a gap in Europe 
(Huiten, p. 128, Pi. 40; Fig. 12c). These are: 

Moehringia lateriflora 
Po ten tilla fru ticosa 

S tellaria calycantha 

(d) Boreal circumpolar plants with strongly disjunct 
areas (Hulten, p. 130, Pi. 41; Fig. 12d). These are: 

Oxytropis campestris Pyrola minor 
ssp. gracilis 

Members of the last two groups have relatively contin
uous areas in North America, but with gaps in Europe, 
Siberia, or eastern Asia. Presumably they survived gla
ciation at widely scattered localities and have not re
gained their originally continuous areas. Radiants from 
various elementary areas thus united in some instances 
but not in others, resulting in the gaps characterizing 
these two distribution patterns. 

Application of the Theory 

FloTistic tests. As previously stated, if Hulten's theory 
is tenable, it should predict for any given area the relative 
composition of the flora in terms of its equiformal 
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patterns. In addition, it should also provide a rough esti
mation of the number of species to be expected and the 
source of repopulation for these species since Pleistocene 
glaciation. 

Utilizing floristic criteria, the number of species and 
phytogeographic patterns obtained from Hulten (1937) 
were compared to the Wrangell Mountain species list and 
the distribution of each. The reasoning on which this 
test was based is as follows. In high mountain regions 
many environmental zones (with corresponding floristic 
changes) are encountered over a relatively short horizon
tal distance. According to the Hulten theory, the number 
of species at any point or in any geographic area should 
fall within a given numerical range as defined by the 
overlap in equiformal progressive areas. This obviously 
will not necessarily hold true, especially in the mountains 
for the previously mentioned reasons. At extremely high 
altitudes above the snow line, there are few or no species 
of vascular plants; in addition, the boreal flora is much 
richer in species than that of the alpine zone. One there
fore would not expect strict correspondence between 
predictions based on the theory and the actual floristic 
composition of a region. One would expect an increase 
or decrease, however, from the predicted numbers of 
certain principle floristic components. For example, one 
would expect a gradual decrease in the boreal component 
of an area with an increase in" altitude even though the 
area was well within the distributional range of the boreal 
species. 

The results of the test are shown in Table 1. For pur
poses of comparison, the maximum and minimum num
ber of species expected in each of the Hulten distribu
tion patterns which apply to the Wrangell Mountains are 
listed. The mean number of species for each and their 
percentage of the expected flora were calculated, and 
are also listed. A comparison of these with the observed 
species and their percentages of the total vascular flora 
shows quite close correspondence. The actual number of 
vascular species (284 treated here) falls well within the 
expected range of 215-344 species and surprisingly close 
to the average expected value of 282 species. For pur
poses of this discussion, however, the total of 291 is used 
because seven species (for example, Senecio atropurpur
eus, Solidago multiradiata) have infraspecific taxa which 
are treated in separate distributional groups. All 291 are 
discussed as "species," although the less restrictive (and 
technically correct) "taxon" would be more appropriate 
in consideration of the seven subspecies and varieties. 

Agreement between the equiformal groups is highly 
variable. of the 22 patterns which apply to the Wrangell 
Mountain flora, only nine show close agreement between 
the expected and observed number of species. These are 
(Table 1) the radiants from southern and northern Ber
ingia, the Atlantic-Pacific plants, the coastal refugia 
radiants, the continental western America plants, the 
continental boreal America plants, and the boreal cir
cumpolar plants (Pattern Nos. 1,2,5,7,8, lOa, lOb, 
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12b, 12c). The remaining equiformal patterns show 
strong disagreement with the expected values, as much 
as 85% in the case of the rigid American plants radiating 
from northern Beringia (Pattern No. 3, Table 1). Of the 
latter group, the following patterns are represented by 
more species than expected: rigid American plants 
radiating from northern Beringia; plastic American plants 
radiating from the Yukon valley; Arctic circumpolar 
plants radiating from Beringia; circumpolar Arctic-rrion
tane plants not occurring in the southern Rocky Moun
tains; Arctic-montane plants not occurring in eastern 
America; circumpolar Arctic-montane plants (Hulten 
numbers 11, 12, 14,27,28,29,30). Those represented 
by fewer species than expected are: western America 
plants radiating from the coastal refugia; boreal American 
plants occurring in eastern Asia; and boreal circumpolar 
plants with confluent continental areas and with gaps 
(Hulten numbers 17,19,22,36,37,41). 

Following the approach of} ohnson and Packer (1967), 
the 22 equiformal progressive patterns represented in the 
flora have been grouped into six more-inclusive phyto
geographic elements (Table 2). On the basis of this sys
tem, the largest group of Wrangell species (40%) belongs 
to the Arctic-montane element, 21% are Arctic species, 
17% are boreal, 10% are Arctic-boreal, 7% are coastal, 
while the remaining 5% are included in the montane ele
ment. Comparison of the expected and observed values 

TABLE 1. Expected vs. Observed Equiformal 
Progressive Groups in the Wrangell Mountain 

Flora 

Species 
Distribution 

Expected Observed pattern no. 
Max. Min. Mean % Number % 

1 20 11 16 5.6 13 4.4 
2 2 1 2 0.7 2 0.6 
3 2 1 2 0.7 13 4.4 
4 10 6 8 2.8 30 10.3 
5 5 3 4 1.4 6 2.1 
6 36 21 28 9.9 39 13.4 
7 2 1 1 0.3 1 0.3 
8 10 6 8 2.8 7 2.4 . 5 3 4 1.4 0 0.0 
9 10 6 8 2.8 2 0.6 

10a 20 11 16 5.6 14 4.8 
10b 20 11 16 5.6 17 5.8 
10c 15 11 13 4.6 8 2.7 
11a 30 21 26 9.2 34 11.6 
11b 5 3 4 1.4 20 6.8 
11c 15 11 13 4.6 18 6.1 
11d 40 31 36 12.7 45 15.4 
12a 40 21 30 10.6 10 3.4 . 25 16 20 7.1 0 0.0 
12b 8 6 7 2.4 7 2.4 
12c 4 3 4 1.4 3 1.0 
12d 20 11 16 5.6 2 0.6 

Total 344 215 282 99.2 291 99.1 

• Borderline distribution panern, no member species in the south
eastern Wrangell Mountains. 
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TABLE 2. Phytogeographic Elements in the Wrangell 
Mountain Flora 

Element Distribution Expected Observed 
pattern no.· N % N % 

Arctic 2,3,5,6 36 13 60 21 
Coastal 1,7,8 25 9 21 7 
Boreal 9, 10b, c, 12a, 

b,c,d 114 40 49 17 
Montane lOa 20 7 14 5 
Arctic-Boreal 4 8 3 30 10 
Arctic-Montane 11a, b, c, d 79 28 117 40 

Total 282 100 291 100 

·See Table 1. 

shows very clearly the effect of isolating a single environ
mental zone and its flora for phytogeographic analysis. 
The greatest discrepancies between expected and observed 
values are found in the boreal and Artict-montane ele
ments. Because of the increased severity of the high 
mountain environment, there is a corresponding increase 
in the Arctic-montane element with a sharp decrease in 
the expected number of boreal representatives. The re
maining elements are commonly used designations based 
on distribution patterns, with the exception of the Arctic
boreal group which deserves special mention. This cate
gory is used here to designate the plastic American plants 
radiating from the Yukon valley. It includes a group of 
species of mixed geographic affinities which prompted 
Johnson and Packer (1967) to exclude the group from 
~heir analysis of the Ogotoruk Creek flora of the Cape 
Thompson, Alaska area. Because of the proximity of the 
Yukon valley to the Wrangells and its probable role as a 
repopulation source for the recently deglaciated Wrangells, 
the pattern radiating from it is treated as a separate geo
graphic element. 

The coastal and montane elements show close agree
ment between expected and observed values. The coastal 
element is represented by a large group of species which 
radiate from southern Beringia and the coastal mountain 
refugia of southeastern Alaska and Yukon. Only 21 of 
these occur in the Wrangell Mountain flora. The montane 
element, on the other hand, is re~resented by a group of 
species which, according to Hulten, have radiated from a 
mountain refugium in the region of the upper Yukon 
River basin. They have spread in a southerly direction 
following ice recession and make up the smallest floristic 
element in the Wrangell Mountains (14 species). A num
ber of Arctic species have disjunct points of occurrence 
in the northern mountains and, as a consequence, provide 
for greater representation of the Arctic element in the 
flora than expected. Several of them, in fact, have their 
southernmost limits of distribution in the Wrangell Moun
tains. As would be expected in a recently deglaciated 
area such as this, there are no endemics. Several species, 
such as Claytonia bostockii and Stellaria alaskana, how
ever, have relatively restricted distribution patterns in the 
mountains of central Alaska and western Yukon (St. 
Elias Range). 
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It is of interest to compare the Wrangell Mountains to 
the few other northern areas which have been subjected 
to floristic analyses. These are the Brooks Range (J ordal, 
1951) with more than 550 species and varieties, the Ogo
toruk Creek-Cape Thompson region (Johnson and 
Packer, 1967) with about 300 specie, and the Brintnell 
Lake area in the southwestern part of the District of 
Mackenzie, Northwest Territory (Raup, 1947) with 248 
species. Table 3 compares the floristic elements of the 
Wrangell Mountains and Ogotoruk Creek. The two re
gions are treated separately because of their different 
environments (alpine vs. Arctic), different geographic 
positions (continental-marine vs. marine), close similarity 
in areal extent (45 square miles vs. 40 square miles), and 
equally close agreement in number of species (291 vs. 
±300). 

The most important aspect of the floras brought out in 
Table 3 is the relative similarity in the elements making 
up the flora. Although the relative disposition of the ele
ments is quite similar, the absolute differences between 
them in the two floras is significant. Both provide sup
port for the Hulten theory by reflecting the importance 
of proximity of refugia in the repopulation of glaciated 
regions. The effect is most noticeable in the case of the 
Arctic and Arctic-boreal distribution patterns. The Arctic 
element has a higher representation in the Ogotoruk 
Creek flora than in that 0 f the Wrangell Moun tains. The 
element is made up of equiformal patterns radiating 
from northern Beringia, which includes the Ogotoruk 
Creek region. Of the 60 Wrangell Mountain species mak
ing up this element, only 21 are in the northern Beringia 
radiant patterns. The remaining 39 belong to the Hulten 
group of Arctic-Pacific plants which apparently survived 
the Pleistocene throughout the Bering Straits region and 
consequently have migrated in a southerly direction as 
well as throughout the northern Arctic and montane re
gions. 

The Arctic-boreal element (plastic Yukon valley radiants) 
exhibits significant differences in the two floras. The ele
ment is represented by 11 species at Ogotoruk Creek. 
This is quite close to the predicted range of 10-6 species 
in a distribution pattern which represents migration 
southward and eastward following Pleistocene recession. 
The Wrangell Mountains, in close proximity to the center 

TABLE 3. Comparison of Phytogeographic Elements 
in the Floras of Ogotoruk Cr~ek and Wrangell 

Mountains, Alaska 

Element Ogotoruk Creek Wrangell Mountains 
N % N % 

Coastal 17 6 21 7 
Arctic 84 28 60 21 
Montane 131 43 131 45 
Boreal 31 10 49 17 
Arctic-Boreal 11 4 30 10 
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of distribution, have 30 of the maximum 47 species in
cluded in the equiformal group. 

There is close correspondence in the coastal element in 
both floras although there are a few more species in the 
WrangelIs than at Ogotoruk. The explanation of this 
seemingly anomalous situation is obvious when th~ com
ponent equiformal groups are considered. The Ogotoruk 
Creek coastal element is represented by Arctic coastal 
radiants from Beringia, whereas there is a strong com
ponent of coastal mountain plants (8 of 21 species) in 
the WrangelI Mountain flora. The Wrangell-St. Elias re
gion is also the continental limit of distribution for most 
of the 13 species comprising the southern Oceanic radi
ants from Beringia. 

The majority of the 131 montane species are common, 
wide-ranging circumpolar species occurring in both Arc
tic and alpine regions. The boreal species, like those of 
the montane element, are wide-ranging and occur in 
boreal, montane, and Arctic regions (for example, Cala
magrostis canadensis). 

Table 4 compares the floras of the Wrangell Mountains, 
Ogotoruk Creek, Brintnell Lake, and the Brooks Range. 
Geographic locations are shown in Figure 13. In Table 4, 
the montane, Arctic, and boreal elements have been com
bined from Table 3 to fit the schemes of Raup and 
J ordal. The disposition of elements reflected in Table 4 
provides additional positive (although somewhat tenu
ous) support for the Hulten theory. Brintnell Lake, the 
lllost southerly and most continental of the four areas, 
has the largest representations of montane and boreal 
species; but significantly the percentage of Arctic species 
(primarily northern Beringia radiants) at Brintnell Lake 
is the lowest of the four localities. The coastal element, 
while low in all four areas, is anomalously high in the 
Brintnell Lake flora. The coastal element at Brintnell 
Lake, as well as in the Wrangell Mountains, probably 
represents a large number of mountain species which 
radiate from more southerly coastal areas. The Wrangell 
Mountains on the southerly continental-marine transi
tion, have the second highest representation of the mon
tane, boreal, and coastal species, and the third highest of 
Arctic species. The Brooks Range, a more Arctic moun
tain range than the other two, has the third highest 

TABLE 4. Percent Composition of Phytogeographic 
Elements in Four Floras of Alaska and Canada 

Element Ogotoruk Wrangell Brintnell Brooks 
Creek Mountains Lake Range 

Arctic 28 21 8 23 
Coastal 6 7 8 2 
Montane 47 55 61 50 
Boreal 10 17 18 16 
Total: 91 100 95 91 
Total 

species: ±300 291 248 442 
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Fig. 13. Geographic locations of: (a) Ogotoruk Creek, (b) Brooks 
Range, (c) Wrangell Mountains, and (d) BrintnelI Lake. 

montane and boreal elements. The flora of Ogotoruk 
Creek has the lowest montane and boreal representation, 
the third largest coastal, and the largest Arctic element 
of the four. If, indeed, northern species survived Pleisto
cene glaciation as Hulten proposed and concentrations of 
species coinciding with unglaciated regions indicate dis
tribution centers, then floristic composition of widely 
separated areas should reflect proximity of the refugia. 
This is supported by the above comparison of the four 
floras, although the percentage differences are rather 
slight in certain instances. In spite of problems with in
dividual interpretations, incomplete data on species dis
tribution, and differences in sizes of floras, the compari
son appears to support the Hulten theory. 

Ecological tests. A problem with floristic phytogeog
raphy is the reliance placed upon species lists. The oc
currence of a species in two areas implies a certain simi
larity even though the species in question may be ex
tremely rare in one and common in the other. However, 
if a species distribution in an area were known, this 
might allow a more thorough evaluation. 

Table 5 lists the floristic elements and equiformal 
groups which occur in the plant communities of the 
Wrangell Mountains. The number of communities in 
which a species occurs provides a convenient index of 
commonness. Of the 291 vascular plants in the flora of 
the study area, 112 (39%) were not recorded in the 
sampling program. These 112 species are considered to 
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TABLE 5. The Disposition of Floristic Elements in the 
Vegetation of the Chitistone-Skolai Region 

Coastal Element-21 (11:0.4:1,4:3,2:4)-
t1 Southern Beringia oceanic radiants-13 (7:0, 2: 1,3: 3, 

1 :4) 
7 Atlantic-Pacific plants-1 (1: 1) 
8 Western America plants from coastal refugia-7 (4:0, 

1:1,1:3,1:4) 

Montane Element-14 (8 :0, 2: 1,1 :2,2:3,1 :8) 
10a Western America plants of continental character-14 

(8:0,2:1,1:2,2:3,1:8) 

Arctic-Boreal Element-30 (7:0, 10: 1,6:2,2:4, 1 :5, 1 :6, 1 :7, 
1 :8, 1: 17) 

4 Plastic Yukon valley radiants-(same as above) 

Boreal Element-49 (23:0, 7: 1,2:2,4:3,5:4,2:6, 1:7, 1 :8, 1 :9, 
1:11,1:14,1:17) 

9 Boreal, coast to coast, also in eastern Asia-2 (2:0) 
10b Boreal,continental,coasttocoast-17 (7:0,2:1,1:2, 

2:3,2:4,1:6,1:7,1:17) 
10c Boreal, also in eastern Asia-8 (4:0, 1 :2, 1 :3, 1 :9,1: 11) 
12a Boreal circumpolar, confluent areas-10 (4:0, 4: 1, 1 :4, 

1:6) 
12b Boreal circumpolar, gap in eastern America-7 (4:0, 

1:3,1:8,1 : 14) 
12c Boreal circumpolar, gap in Europe-3 (1:0, 1:1,1:4) 
12d Boreal circumpolar, disjunct-2 (1 :0,1 :4) 

Arctic Element-60 (20:0, 15: 1, 5:2,5:3,2:4,2:5,5:6,2:7,2:8, 
1: 11, 1 : 12) 

2 Arctic Eurasiatic from northern Beringia-2 (2:4) 
3 Rigid American plants from northern Beringia-13 

(7:0,3:1,2:2,1:3) 
5 Arctic circumpolar from northern Beringia-6 (3:0, 

2:2,1:7) 
6 Arctic-Pacific from Beringia-39 (10:0, 12: 1, 1 :2,4:3, 

2:5,5:6,1:7,2:8,1:11,1:12) 

Arctic-Montane Element-117 (43:0,21: 1, 11 :2,9:3,8:4,2:5, 
4:6,3:7,4:8,4:9,2: 11, 1: 12,2: 14, 
1:15,1:17,1:23) 

11a Circumpolar, not in southern Rocky Mountains-34 
(17:0,6:1,2:2,2:3,1:4,3:6,1:8,1:11,1:12) 

11 b Arctic-montane, not in eastern America-20 (7:0, 3: 1, 
3:2,2:4,1:5,1:7,1:9,1:15,1:17) 

11c Circumpolar, not at Gulf of St. lawrence-18 (7:0, 
2: 1,2:2,2:3,3:4,2: 14) 

11d Circumpolar, at Gulf of St. lawrence-45 (12:0, 10: 1, 
4:2,5:3,2:4,1:5,1:6,2:7,3:8,3:9,1:11,1:23) 

·'mmediately following the name of the element or equiformal 
group is the number of species in the element or group. The num
bers within the parentheses are explained by the following sam
ple: (4: 1,2:4) 4 species occur in 1 vegetation unit, 2 species oc
cur in 4 vegetation units. 
tPattern number, according to Table 1. In the same column, 7, 
8, 10a, 4, 9, etc., are all pattern numbe~. 

be rare or occasional and, for the most part, occur in 
rather loose aggregations on scree slopes, floodplains, 
and other unstable surfaces. The single most common 
species was Salix reticulata, which occurred in 23 of the 
associations and noda (58%). The five next most
common species were Anemone parviflora, Artemisia 
arctica, Dryas octopetala, Pedicularis capitata, and Peta
sites jrigidus, which occurred in 14-17 associations andl 
or noda (35%-42%). 

There is a close relationship between those elements 
which are most poorly represented (that is, those which 
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are on the periphery of the equiformal patterns) in the 
flora and the representation of their species in the plant 
communities. Of the coastal and montane elements, 52% 
and 57% respectively of their species did not occur in 
any of the sampled plots and consequently are not listed 
in any of the plant communities. With the exception of 
Solidago multiradiata, which occurred in 20% of the vege
tation units, the remainder all occurred in 10% or less. 
With the exception of Poa lanata, which occurs on fine
grained, recently glaciated subst.rates, none are communi
ty dominants. 

There is no consistent relationship between number of 
species in the elements of the flora and their representa
tion in the community structure. The Arctic-boreal ele
ment (plastic Yukon valley radiants) includes 30 of the 
291 species in the flora. However, only 23% of these 
species (7) were not sampled in the ecological studies. 
This is the lowest percentage (and number) of species 
that were not represented in the community structure of 
all the elements. In other words, 77% of this group occur 
in one or more alpine plant communities. Important to 
note here is the fact that the Yukon valley distribution 
center is in closest proximity to the Wrangells and within 
the continental macroclimatic region on the border of 
which the Wrangells lie. 

The Arctic element is represented by 60 species, 33% 
of which were not recorded in the plant community 
structure. Floristically, the lowest representation in this 
element is the group of species which radiate from north
ern Beringia. The remaining 39 species are included in 
the Arctic-Pacific equiformal group which has a bilateral 
distribution pattern on either side of Bering Strait. The 
Wrangell Mountains lie just within the margin of the cen
ter of this equiformal pattern. However, 29 of the 39 
species occur in one or more communities. More than 
half of these occur in 3 to 12 communities. 

The wide-ranging species of the Arctic-mon tane ele
ment have the greatest representation in the flora (117 
of 291 species). They are also the most common and fre
quent of all species which make up the alpine vegetation. 
Seventy-four (63%) occur in one or more vegetation 
units. Fifty percent of the vascular plant dominants (16 
of 32) belong to this group. Most of the remaining domi
nants belong to the Arctic element (22%, 7 of 32). Only 
6% (2) are Arctic-boreal species. Poa lanata is the only 
coastal element dominant. The boreal element is repre
sented by 6 dominant species (18%). Dominance is used 
here as an index oflocal abundance of species represent
ing the various elements. 

The boreal floristic element is represented by 49 species 
of which 23 (47%) did not occur in any sample plots; 
18% of the community dominants belong to this element. 
With very few exceptions, all members of the boreal ele
ment are restricted to the lower alpine zone. The majority 
of boreal species (27) occurring in the Wrangell Moun
tains belong to the two equiformal groups which have 
their centers of distribution on the North American 
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continent; namely, the boreal continental and boreal cir
cum polar patterns. 

The distribution of phytogeographic elements and their 
species in the vegetation can be summarized as follows. 
Percentages of elements in the flora reflect macroclimatic 
distribution patterns; that is, most species are Arctic
montane (wide-ranging Arctic-alpines), while the fewest 
belong to coastal and continental mountain plants. With
in each element, those equiformal patterns radiating from 
the most proximal distribution centers are represented 
by the largest number of species. The above observations 
also apply to the distribution of species in the vegetation. 
Most common and frequent species are members of the 
most proximal equiformal groups and elements which in
clude mountain species whose ranges encompass similar 
environments. 

Hulten's concept of rigid vs. plastic species also lends 
itself to ecological analysis based on the distribution of 
species in the alpine plant community structure. Appli
cation of the concept to the vegetation should show rigid 
species which cc ••• have lost their spreading capacity," to 
be restricted not only are ally , but also to a very few en
vironments. Plastic species which retained their variability 
should occur in a number of habitats and vegetation 
units. 

Two equiformal patterns can be compared to deter
mine how well their species fit the concept in the Wran
gell Mountain vegetation. These are the rigid American 
pl1nts from northern Beringia (the Arctic element), rep
resented by 13 species, and the plastic Yukon valley 
radiants (the Arctic-boreal element), represented by 30 
species. 

Of the 13 rigid Beringian radiants, 7 were not sam
pled in the study. These species (Arabis arenicola, Arnica 
alpina ssp. angustifolia, Festuca ovina ssp. alaskensis, 
Oxytropis borealis, O. maydelliana, Papaver lapponicum 
ssp. occidentale, and Taraxacum laceTUm) are all rare to 
occasional in the southeastern Wrangell Mountains and, 
with the exception of Taraxacum laceTUm, all are re
stricted to dry, sandy, or rocky slopes. Taraxacum lacer
um is found on moist sites and is ' equally restricted in its 
local distribution. Of the remaining group of rigid Ber
ingian species, Agropyron boreale ssp. hyperarcticum, 
Lupinus arcticus, and Senecio atropurpureus ssp. frigidus 
occur in only one vegetation unit. Agropyron boreale 
was not included in this group by Hulten (1937), but 
based on the most recent distributional information 
(Hulten, 1968), is included here. This taxon is typical of 
sandy and rocky substrates and, as a member of the Poa 
lanata-Artemisia tilesii nodum, is regarded as a pioneer 
species in the Wrangells. Lupinus arcticus is a member of 
the Festuca altaica-Lupinus arcticus nodum which occurs 
on alluvial fans among willow thickets. Lupinus arcticus 
is also found on rocky slopes along with L. nootkatensis, 
a member of the coastal element. Senecio atropurpureus 
occurs in the Petasites frigidus-Aulacomnium palustre 
association, where it has a low constancy value of 2. The 
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association is widely distributed in wet meadows through
out the study area. Two species (Carex membranacea, 
Salix richardsonii) occur in two vegetation units while 
one species, Saxifraga tricuspidata, occurs in three; name
ly, the Dryas octopetala-Vaccinium uliginosum nodum, 
the Shepherdia canadensis-Oxytropis campestris nodum, 
and the Vaccinium vitis-idaea-Dryas octopetala associa
tion. All are found on rocky and sandy substrates, main
ly hillsides, although the first nodum is typical of recent 
outwash at lower elevations. It is characteristic of this 
rigid equiformal group, then, that most of the species 
are not abundant (less than 50% are included in the com
munity structures) and most are restricted to dry habi
tats. They are represented (Table 1, Pattern No. 3) by 
more than the expected number (2) due primarily to in
terpretation of new distributional information. 

In contrast to the rigid Beringian plants, the plastic 
Yukon ~alley radiants are represented by 30 species, 
which is also significantly higher than the expected 8 
(Table 1, Pattern No. 4). This group is well represented 
in the community structure, with only 7 not occur
ring in the defmed associations and noda. The 23 species 
found in community structures are not typical of any 
one environment and occur in a variety of habitats and 
in widely different environments. For example, Dryas 
octopetala ssp. alaskensis, a member of this group, is one 
of the most common taxa in the area and occurs in a 
wide range of habitats. It forms hybrid swarms with ssp. 
octopetala, which is also common. In view of the numer
ous intermediates between the two, all occurrences of 
both subspecies are combined under D. octopetala. The 
bias introduced by this treatment is not considered to be 
significant on a local scale. 

Distribution patterns No. 3 and No. 4 both appear to 
offer support for the Hulten Theory. The species within 
the rigid group are, for the most part, uncommon to oc
casional, while the amplitude of their environmental tol
erance is limited. The plastic group has more species 
which are occasional to common, most of which occur 
in a variety of habitats, indicating a wide range of toler
ance. 

In the Arctic element, the Arctic-Pacific group which 
radiates from the entire Bering Strait region is represent
ed not only by the most species, but also by the species 
which occur in the most habitats. The northern Beringian 
radiants (three groups) are represented by a minority of 
species which occur in few habitats. The most frequent 
group of species is included in the Arctic-montane ele
ment, which is represented by the wide-ranging Arctic
alpine species whose distribution centers are in the 
Bering Strait region as well as in other areas both south 
and north of the Wisconsin ice sheet. This edge effect, or 
habitat restriction at the edge of a species range, is a 
common one and suggests that, while equiformal pro
gressive areas do indicate refugia, the modern limits of 
the radiants are macro climatically controlled and, as 
such, have much less historical value than do the areas 
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occupied by centrants. 

Another question to be examined is whether Hulten's 
floristic groups have any relationship to ecological groups 
on a local scale. If so, the patterns could provide good 
evidence that species have migrated as groups and are 
limited because of equal loss of population variability 
and that their modern distribution can be explained sole
ly by historical reasons. If not, then species belonging to 
the floristic groups would be distributed variously in dif
ferent communities, depending on the amplitude of en
vironmental tolerance of the various populations. To 
study the question, two of the best-defined and common 
Wrangell Mountain communities at the extreme ends of 
the moisture gradient are examined in terms of their 
equiformal components (Table 6). Both communities oc
cur on stabilized surfaces of the middle alpine zone. The 
two communities are the Carex bigelowii-Aulacomnium 
palustre association and the Dryas octopetala-Cetraria 
cucullata association. The first contains 39 species (24 
vascular plants) and the second 46 species (24 vascular 
plants). 

In spite of a coefficient of similarity of only 0.4166 
between the vascular plant members (10 of 24 species) 
of the two :fssociations, there is remarkable similarity in 
the representation of floristic elements. The representa
tion of the elements is, in fact, quite close to that of the 
entire flora. At least half the species are in the Arctic
montane element. Next in order of decreasing numbers 
ar,e the Arctic and boreal elements, and finally the Arctic
boreal, montane, and coastal elements. The indication is 
that equiformal groups are merely floristic assemblages 
of species having the same distribution patterns. They 
are not ecological groups and they are widely distributed 
in vegetation units of quite different microenvironments. 
If they are not ecological groups, the question of whether 
they have migrated at the same times can be asked. In 
other words, what is the disposition of the various ele
ments in different successional stages in a local area? If 
they are not migrating as groups, the stages should have 
species from a number of elements. Three successional 
stages from the vicinity of the Frederika Glacier are com
pared for this purpose: late, intermediate, and early. 
These are the Salix alaxensis-Shepherdia canadensis-Cla
donia pyxidata association, the Salix glauca-Oxytropis 
deflexa association, and the Arctagrostis latifolia-Poa 
arctica nodum. The results are in Table 7. 

A comparison of the three stages shows a gradual in
crease in percentage of vascular species with age of sub
strate. In the vegetation of the youngest surfaces, most 
notable is the absence of coastal, montane, Arctic-boreal, 
and boreal species. The 11 species sampled represent only 
the Arctic and Arctic-montane elements. On intermediate 
and older surfaces the number of species representing 
each element is approximately the same (with the excep
tion of the Arctic-montane element), although their per
centages are quite different due to increasing species 
richness in the oldest vegetation. Both the Arctic-boreal 
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TABLE 6. Equiformal Components of Two Well· 
Defined Wrangell Mountain Plant Communities 

Carc·x bigelowii-A ulacomniu m 
palustre association 

Dryas oClopetala-Celraria 
cllcl< l/ata association 

Coastal Element 
1 (4%) 

Pedicularis langsdorfii (1 ) 

1 (4%) 

Saxifraga bronchialis (1) 

Montane Element 
1 (4%) o 

Pedicularis sudetica 

Arctic-Boreal Element 
1 (4%) 

Dryas octopetala (4) 

1 (4%) 

Dryas octopetala (4) 

Boreal Element 
3 (12%) 

Anemone parviflora (lOb) 
Arctostaphylos rubra (1 Oc) 
Petasites frigidus (12b) 

1 (4%) 

Petasites frigidus (12b) 

Arctic Element 
6 (25%) 

Astragalus umbellatus (2) 
Claytonia sarmentosa (6) 
Polygonum bistorta (6) 
Salix arctica (6) 
Salix polaris (6) 
Saxifraga davurica (6) 

7 (29%) 

Antennaria monocephala (6) 
Cassiope tetragona (6) 
Luzula tundricola (6) 
Polygonum bistorta (6) 
Salix arctiea (6) 
Salix polaris (6) 
Saxifraga davurica (6) 

Arctic-Montane, Element 
12 (50%) 14 (58%) 

Carex bigelowii (11 a) 

Equisetum scirpoides (11 a) 
Juneus biglumis (1 raj 
Saxifraga hieraeifolia (11 a) 

Saxifraga flagellaris (11 b) 
Minuartia rossii (11 c) 
Pedicularis eapitata (11 c) 
Astragalus alpinus (11 d) 
Equisetum arvense (lld) 
Eriophorum seheuehzeri (11d) 
Salix retieulata (11 d) 
Silene acaulis (11 d) 

Total species: 24 

Equisetum scirpoides (11 a) 

Empetrum nigrum (11 a) 

Hieroehloii alpina (11 a) 
Stellaria monantha (11 a) 

Artemisia aretiea (11 b) 
Carex podoearpa (11 b) 
Minuartia aretiea (11 b) 
Pedicularis capitata (11 cl 
Pedieularis kanei (11 c) 
Poa aretiea (11 c) 
Carex capillaris (11 d) 
Polygonum viviparum (11d) 
Salix retieulata (11 d) 
Silene aeaulis (11 d) 

Total species: 24 

NOTE: Numbers following species indicate equiformal groups 
according to Table 1. 

and boreal elements are prominent, as might be expect
ed, since the Frederika outwash is close to timberline. 
The Arctic-boreal group of species is of interest, since 
these species represent the plastic Yukon valley radiants. 
In the two associations the same core of species is pres
ent: Astragalus nutzotinensis, Dryas octopetala, Picea 
glauea, and Salix glauca, among others. The occurrence 
of such a group in two associations and on substrates of 
different ages might at first thought be used to support a 
contention of equiformal group migration. On the basis 
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TABLE 7. Equiformal Components of Late, Intermediate, and Early Frederika Successional Stages 

Late 

Salix alaxensis-Shepherdia 
canadensis-Cladonia pyxidata 
association 

6 (21%) 

Astragalus nutzotinensis (4) 
Dryas octopetala (4) 
Erigeron elatus (4) 
Picea glauca (4) 
Salix glauca (4) 
Solidago multiradiata (4) 

8 (27%) 

Arabis drummondii (lOb) 
Betula glandulosa (lOb) 
Dryas drummondii (lOb) 
Hedysarum alpinum (lOb) 
Shepherdia canadensis (lOb) 
Arctostaphylos rubra (10c) 
Pyrola secunda (12a) 
Oxytropis campestris (12d) 

2 (7%) 

Salix alaxensis (5) 
Pyrola grandiflora (6) 

13 (45%) 

Carex krausei (lla) 
Minuartia stricta (11 a) 
Aster sibiricus (11 b) 
Agropyron violaceum (11 c) 
Astragalus alpinus (11 d) 
Dryas integrifolia (lld) 
Epilobium angustifolium (lld) 
Epilobium latifolium (lld) 
Minuartia rubella (lld) 
Oxytropis deflexa (11 d) 
Poa glauca (lld) 
Taraxacum ceratophorum (lld) 
Trisetum spicatum (lld) 

Total species: 29 

Intermediate 

Salix glauca-Oxytropis dej1exa 
association 

Arctic-Boreal Element 
5 (26%) 

Astragalus nutzotinensis (4) 
Dryas octopetala (4) 
Hedysarum mackenzii (4) 
Picea glauca (4) 
Salix glauca (4) 

Boreal Element 
9 (47%) 

Dryas drummondii (lOb) 
Hedysarum alpinum (lOb) 
Populus balsamifera (lOb) 
Shepherdia canadensis (lOb) 
Arctostaphylos rubra (10c) 
Pyrola asarifolia (1 Oc) 
Corallorhiza trifida (12a) 
Pyrola secunda (12a) 
Oxytropis campestris (12d) 

Arctic Element 
2 (10%) 

Salix alaxensis (5) 
Pyrola grandiflora (6) 

A rctic-M ontane Element 
3 (16%) 

Epilobium latifolium (11 d) 
Oxytropis deflexa (11 d) 
Salix reticulata (lld) 

Total species: 19 

NOTE: Numbers following species indicate equiformal groups according to Table 1. 

Early 

Arctagrostis latifo lia-Poa arctica 
nodum 

o 

o 

3 (27%) 

Salix alaxensis (5) 
Arctagrostis latifolia (6) 
Artemisia tilesii (6) 

8 (73%) 

Agropyron violaceum (11 c) 
Erigeron humilis (llc) 
Poa arctica (11 c) 
Cerastium beeringianum (11d) 
Epilobium latifolium (lld) 
Festuca brachyphylla (11 d) 
Poa glauca (lld) 
Trisetum spicatum (11d) 

Total species: 11 

of Wrangell Mountain data, however, the similarity is 
considered to be mostly a coincidence because loss of 
species from the group occurs with an increase in eleva
tion. The Hrst species to drop out of the group is Picea 
glauca, which rarely occurs more than a few hundred 
feet above timberline; next is Salix glauca, which be
comes restricted to wet, sheltered spots at higher eleva
tions; then Astragalus nutzotinensis disappears; and 
fmally Dryas octopetala, which occurs at the upper 
limits of vegetation. It is concluded that agreement 
between floristic and ecological groups is due mainly 

There is an obvious relationship between the age of the 
substrate and the composition and numbers of the plant 
species in the equiformal patterns of the Hulten theory. 
The greatest numbers of species occur in the "center" of 
the pattern on the oldest surfaces (unglaciated refugia). 
Concentric patterns radiating from these centers contain 
progressively fewer and fewer species_ Since the Wrangell 
Mountains are currently undergoing deglaciation, sur
faces of different ages can be found in sequence. The 
same situation presumably exists on a local scale where 
areas adjacent to glaciated surfaces would serve as centers 
for re population. However, attempts to establish local 
equiformal progressive areas analogous to continental 

to habitat overlap of member species and as such 
has little historical signiHcance. 
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a. b. c. 

Fig. 14. Equiformal patterns on Frederika moraines and outwash showing number of species on old,in
termediate, and young surfaces. Centers represent oldest surfaces. (a) Arctic-boreal element; (b) Arctic 

element; (c) Arctic-montane element. 

areas in the Wrangell Mountains were unsuccessful. 

The Frederika outwash was expected to show succes
sional patterns of an equiformal nature with greatest 
concentrations of species on oldest surfaces. Compari
sons of differences in species numbers in each element of 
Table 7 shows various patterns (Fig. 14) in the old-inter
mediate-young surface age sequence. Three patterns are 
represented in the distribution of sp~cies of t.he various 
elements: one is equiformal progressIve, one IS reverse. 
equiformal progressive, and the last shows no cor~elatlOn 
with substrate age. However, these patterns take mto ac
count only absolute species numbers on the three sur
faces and not the distribution of the species in each 
grou~. To conform to equiformal areas as established by 
H'ulten, those species on the perimeters of the patterns 
should also occur in the centers. Applying this criterion, 
no equiformal groups can be established on the basis of 
successional sequences. The reason for this is the occur
rence of certain species, such as Hedysarum mackenzii 
(boreal element), in specific environments such as flood
plains of intermediate ages. Hedysarum mackenzii doesn't 
occur on the youngest surfaces (which are often ice
cored), nor does it occur on the oldest surfaces where 
willows form a closed canopy. In other words, there is 
no progressive accumulation of species in the succession
al sequences of the Frederika outwash. The progressive 
areas which can be detected on a continental scale do not 
seem to form in the diverse alpine microenvironments at 
the local scale. 

Conclusion 

The Hulten theory is supported on the basis of floristic 
information from the southeastern Wrangell Mountains. 
Vegetation analysis also supports the concept of rigid 
and plastic species. In addition, those species on the pe
riphery of equiformal patterns show habitat r~striction .. 
Those members radiating from the most proXImal refugll 
(near the centers of their ranges) are the most wide-

spread in the vegetatiun. Equiformal progressive groups 
represent floristic assemblages of species, rather than 
ecological assemblages. There is no eviden~e that . 
member species migrate into glaciated regIons as umts. 
Most groups are, in fact, widespread in their community 
distribution. 
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Vegetation-Snow Cover Relations 
In an Alpine Pass, Alaska 

Thomas R. Detwyler* 

ABSTRACT. Durat ion of snow cover, which is mainly a function of summer t emperatures, to pography, and 
depth of accumulation , is a primary determinant of spatial differences in the alpine vege tation at Chitistone 
Pass, Alaska . Quantitative study of the relations betw <!e n species occurrence and the dates during 1967 and 
1968 on which sites became bare of snow has indicated the tolerance s o f di fferent plants for varying durations 
of snow cover. Snow cover affects plants mainly by pro tec ting them from extreme cold and wind, and 
especially by shortening the growing season where snow lies late. Water supplied by melting snow patches, 
and various geomorphic processes, are secondary causes o f spatial variations in the plant cover. Knowledge 
of such relations allows the prediction of the approxim ate duration of snow cover on a site fro m the vegeta· 
tion present . 

Introduction 

In alpine regions, where much of the ground is snow 
covered most of the year, snow disappears unevenly 
from place to place during the summer depending on 
depth of accumulation and topography. Patches of snow 
may persist late into summer each year, especially in hol
lows. In late summer the observer usually sees patterns of 
tundra vegetation covering the ground. The coincidence 
of the patterns of snowmelt and vegetation suggest that 
mlmy of these spatial variations in the plant cover are 
causally related to the duration of snow cover. 

Numerous studies have described in a general way the 
relations between vegetation and late-season snow patch
es, especially in Europe (for example, Schroeter, 1908, 
pp. 490-496; Gjaerevoll, 1956; Braun-Blanquet, 1964, 
pp. 598-604; for North America see Harshberger, 1929; 
Billings and Bliss, 1959) . However, most studies have 
been qualitative rather than quantitative and have focused 
on plant relations with relict snow patches rather than 
on those with season-long patterns of snow ablation. 
Noteworthy exceptions are the detailed investigations by 
St6renson (1941) in northeast Greenland and Dahl (1956, 
pp. 251-272) in south Norway; both contain extensive 
literature reviews. 

This study investigates the relations between snow 
duration and the distribution of some common tundra 
plant species in the Chitistone Pass area of Alaska. Once 
understood, such relations allow prediction of snow dura
tion-and to a lesser degree depth - based on observed 
variations in the plant cover, or vice versa. The ability to 
make such predictions is a major goal of environmental 
studies. 

*Department of Geography, University of Michigan, Ann Arb or 
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Environment at Chitistone Pass 

Chitistone Pass, located at 61°36' N, 142°04' W, lies at 
an elevation of 1774 m and forms part of the border be
tween the Wrangell Mountains (to the northwest) and 
the St. Elias Mountains (to the southeast). From the pass 
the Chitistone River and valley descend southward to the 
Chitina River. The pass and nearby areas were sites of in
tensive research by the High Mountain Environment Pro
ject from 1967 through 1969. 

The pass is about one mile broad and is flanked by 
steep slopes which rise to about 2740 m above sea level. 
A transect across Chitistone Pass was established in 1967 
to collect information on a number of environmental 
elements, including topography, geology , geomorphol
ogy, snow characteristics, permafrost, vegetation, and 
microclimate (Detwyler, pp. 207-210, this volume; 
Marcus, pp. 1-12, this volume). The transect is 1075 m 
long and runs N 70

0
E. Elevations along the transect 

range between 1771 m and 1853 m. 

Climate and snow cover. Short, cool summers and 
long, severe winters characterize the climate of Chiti
stone Pass. The march of mean daily air temperatures 
during the summers of 1967 Uune 9-August 20) and 
1968 Uune I-August 15) is shown in Figure 1. Mean rel
ative humidity during these periods was 84.9% and 76.5 
%, respectively; mean wind velocities were 3.1 m/sec 
and 2.5 m/sec (Marcus, Ford, and Willingham, 1968; 
Kolberg and Brazel, 1969) . 

To measure temporal changes in the distribution and 
depth of snow cover, 54 measurement stations were es
tablished at 20-m intervals along the environmental transect. 
Figure 1 indicates the dates on which snow measure
ments were made in 1967 and 1968 and shows the rates 
at which snow disappeared from the ground during these 
summers. In these years the pass was more than 97% 
snow covered until early June. Near the end of May, at 
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Fig . 1. Summer temperatures and extent of snow cover along a transect at Chitistone Pass, Alaska, 1967 
and 1968 . Temperature data are from Marcus, Ford , and Willingham (1968) and Kolberg and Braze! 

(1969 ). 

the time of the first observations each year, the tops of 
many knobs were bare or only thinly covered. Drifting 
had created deep snow banks in hollows. The mean initial 
depths of snow each year were almost identical- 1.55 m 
in 1967 and 1. 57 m in 1968. Maximum depths, which 
were recorded at the same station, were 4.50 m in 1967 
and 4.10 m in 1968. In each year the areal extent of 
snow cover declined most rapidly - from about 75% to 
25%-during a two-week period. However, in 1968 this 
period lagged ten days or so behind that of 1967, pre
sumably because of much lower June energy inputs. All 
mnsurement stations were bare by August 11, 1967 and 
by August 18, 1968. A few snowbanks persisted later 
elsewhere in the pass. Although new snow fell occasion
ally in all summer months, it seldom remained more than 
a few hours. It is not known when during 1967 and 1968 
a lasting snow again covered the ground, marking the on
set of another winter. However, 158 mm of snow fell on 
August 20, 1967 and much of it remained on the ground 
for 48 hours. 

The ground in Chitistone Pass is permanently frozen 
except for a surface layer which thaws to a depth of 
about one meter or less during the summer. 

Vegetation. When not snow covered, Chitistone Pass is 
characterized by a discontinuous (approximately 80%) 
cover of low alpine-tundra plants. The pass is about 650 
m above timberline . Intensive taxonomic field work has 
shown that there are about 300 species and infraspecific 
taxa of phanerogamic plants growing within about a 
dozen miles of the pass (R. W. Scott, personal communi
cation, 1969); perhaps 150 of these grow in the pass. In 
addition, mosses and lichens form a prominent part of 
the vegetation. Vascular plant nomenclature followed 
here is that of Huiten (1968). 

Obvious patterns of vegetation occur in the pass. These 
variations occur because there are many different micro
environments and because different species of plants 
have different ranges of environmental tolerance. As ex
pected, similar environments generally have similar 

assemblages of plants, although no firm plant associa
tions or communities were identified. 

Spatial changes in the composition of the plant cover 
were studied along the environmental transect by noting 
the presence or absence of each of 22 of the most com
mon species on each of 538 contiguous 1 m X 2 m plots. 
This paper uses data from all 108 plots which adjoin the 
54 snow measurement stations. The group of sample 
species is comprised of five mosses, three lichens, four 
monocots, and ten dicots. 

Effects of Snow Duration on 
plant Distribution 

Snow cover may be either beneficial or harmful to 
plants, depending on circumstances. Among the benefits 
cited elsewhere (Braun-Blanquet, 1932, pp. 118-119) are 
protection from wind and from cold, the prevention of 
too early sprouting, the local increase of the sun's heat 
by reflection, the extended supply of water during grad
ual melting, the supply of frne mineral particles which 
collect on snow, and the provision of smooth surfaces 
across which seeds may be easily distributed by wind. 
Many European studies have stressed the importance of 
the protection from cold that snow provides. Braun
Blanquet (1932, p. 120) states that under 1 m to 2 m of 
snow in the Alps the ground is rarely frozen; thus many 
species of plants continue to grow under the snow and 
some actually bloom there. In the Arctic and Chitistone 
Pass, however, the presence of permafrost and the longer 
and much colder winter cause severe freezing beneath 
even thick snow, with several important consequences 
for plan ts (see discussion by S~renson, 1941, pp. 244-
245). In the spring, the snow slows the thawing of the 
ground and, unlike in the Alps, the effect of snow cover 
on ground temperature may therefore be detrimental to 
plant growth, at least during the summer. The later that 
snow lies on a site, the later the ground will thaw and 
active growth commence. 



VEGETATION-SNOW COVER RELATIONS 

In the present study the effects of snow duration on 
the plant cover can only be inferred, not conclusively 
demonstrated. The reason for this is that snow duration 
is to some degree covariant with other environmental 
variables, such as snow depth, depth and timing of ground 
thaw, slope and orientation, topographic position, and 
soil qualities-including texture and albedo; further, there 
is some correlation between the nature of the vegetative 
cover and snow duration. Plant distribution undoubtedly 
is a holistic response to these and other factors. The 
method used here is to infer the degree of relationship 
between plant cover and snow duration by looking at the 
spatial coincidence between them; demonstration of 
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definitive cause and effect relations awaits detailed physio
logical experiments in the field. 

To test the hypothesis that the particular assemblage of 
plants at any given place in the pass is in part a function 
of snow duration, quantitative data on plant abundance 
and snowmelt have been correlated. Figure 2 shows the 
frequency of occurrence of each of the 16 most common 
plants in sets of plots that become snow free on different 
dates. The graphs indicate both the absolute and relative 
tolerances of each species for snow cover of various dura
tions. For example, four species-Thamnolia vermicularis 
(a lichen), Carex bigelowii (a sedge), Salix arctica (Arctic 

nl ~ ~I ~ In I I 

DATES ON WHICH SETS OF PLOTS WERE FIRST BARE OF SNOW (1967 , n ; 1968 ' I ) 
Fig. 2. Relations between duration of snow cover during 1967 and 1968 and presen ce o f 16 plant 
species at Chitistone Pass, Alaska. Plots which became free of snow on the same date constitute a "sct." 
Dates on which sets of plots were first observed to be bare of snow, and number of 1 III X 2 m plots in 
each set, were: 1967-May 30 (2),June 6 (2), 16 (10) ,2 3 (30),July 1 (38),8 (6), 15 (6),24 (2), AlIg
ust 3 (8), 11 (2); 1968- May 28 (4),Junc 19 (8),26 (8),July 4 (32),12 (28),19 (6),26 ( 10), August 

2 (6), 11 (4), 18 (2). 
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willow), and Rhacomitrium lanuginosum (a moss) - grow 
on all sample localities which became bare, in both 1967 
and 1968, before June 19. Thus, these species show ex
treme tolerance for sites that are exposed early, and vary
ing degrees of intolerance for areas where snow lies later. 
Limited data suggest that Salix reticulata (netted willow) 
has a similar range of tolerance. 

In general, mosses and lichens can tolerate a greater 
range of duration of snow cover than can flowering 
plants. The next four species shown in Figure 2, Saxifraga 
davurica ssp. grandipetala, Peltigera aphthosa (a lichen), 
Cladonia rangiferina (reindeer lichen), Aulacomnium 
palustre (a moss) , are tolerant of a wide range of duration 
of snow cover, although they are most frequent on sites 
that become bare between mid-June and late July. A 
small moss, Bryum sp., has the widest range of tolerance 
of any common plant in the pass. It grows on most 
sample plots that become bare after early June and on 
nearly all plots that become bare after mid-July. Bryum 
sp. was the only macroscopic plant growing on sites 
whic'-l were covered by snow patches until mid-August in 
1968. 

Mid-season species were restricted in the sample to 
areas that are snow-covered until mid-J une but snowfree 
before August. They include: Hylocomium alaskanum (a 
moss), Petasites frigidus (a coltsfoot), Artemisia arctica 
ssp. arctica (a wormwood), Poa alpina (a grass), and 
Ranunculus nivalis (snow buttercup) . Figure 2 shows 
that these species do not have exactly the same tolerances 
of'snow cover; some grow on sites that are bare earlier or 
later than others. Several other species appear, on the 
basis of more limited data, to have similar tolerances 
which more or less restrict them to places that become 
bare of snow in mid-summer: Dry as octopetala (moun
tain avens), Carex aquatilis (water sedge), and Campyl
lium stellatum (a moss). 

Few plants grow in areas that remain snow covered un
til August. Of the surveyed species only Saxifraga ref/exa, 
Oxyria digyna (mountain sorrel), Bryum sp., and Aula
comnium palustre are able to exist under these conditions. 

An understanding of the tolerances of different species 
to snow cover greatly aids the explanation of vegetational 
variations in the field. For example, on a moderate 
slope facing southwest along the transect between the 
crest of a knoll (Station 165 m) and its foot (Station 
140 m) the foregoing relations allow the spatial predic
tion of the plants encountered.· Within these 25 m, species 
"appear" and "disappear" downslope in approximately 
the following order: Saxifraga davurica, Salix reticulata, 
Carex bigelowii, Thamnolia vermicularis, Hylocomium 
alaskanum, Cladonia rangiferina, Rhacomitrium lanugi
nosum, Peltigera aphthosa, Salix arctica, Petasites frigid-
us, Artemisia arctica, Aulacomnium palustre, Poa alpina, 

, LCKallon s of stations referred to in this discussion arc shown in 
Figu re I. p. 209 of this volume. 
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Carex aquatilis, Ranunculus nivalis, Oxyria digyna, Saxi
fraga ref/exa. This spatial order is about the same as the 
temporal order of the species' modes shown in Figure 2, 
coinciding with the gradual clearance of snow downward 
from the top of the knoll. Initial snow depths and dates 
of snow disappearance for 1967 illustrate the environ
mental gradient in this area. On May 30 snow depths at 
Stations 165, 160, and 140 were 17 cm, 63 cm, and 168 
cm respectively; the three stations were bare by about 
June 8,June 16, and July 1 respectively. In 1968 snow
melt lagged about 10 days behind these dates. 

With respect to vegetation, what is the most favorable 
season of snow clearance? Diversity of species is one 
measure of optimality. Based on the 22 surveyed species, 
the diversity of species was quite uniformly high on the 
four sets of plots that were fIrst bare between June 16 
and July 8, 1967 and, similarly, on the four sets of plots 
that were fIrst bare between June 19 and July 12, 1968. 
The mean number of species on each plot in these sets 
ranged between 9.2 and 11.5. For plots bared earlier 
(late May) the number of species per plot was only 7.0. 
For plots bared later, the mean number of species de
clines sharply to 2.7-3.5 in the fIrst week of August and 
to 1.0 or less for plots not becoming clear of snow until 
the third week of August. Interestingly, the plots that 
have maximum plant diversity are those where snow 
clears during the period of maximum snowmelt rates 
(Fig. 1). 

It is interesting to compare these results with similar 
data from northeast Greenland. Slbrenson (1941, pp. 
164-189) has assigned each flowering plant species of 
northeast Greenland to one or more of four thawing 
periods (Table 1). The snow tolerances, in Greenland, of 
four of the species that also were studied at Chitistone 
Pass are given in Table 1. The four species listed 
show similar snow tolerances at Chitistone Pass, bu t com
parable snow-cover periods at Chitistone came later since 
the summer is shorter by 15 to 20 days. Similarly, the 
thawing period of maximum floristic diversity in north
eastern Greenland (Period Il) falls 16 to 27 days earlier 
than in the Chitistone Pass area. The percentage distri
bution of species by thawing period are: 1,29%; n, 37.7%; 
1II, 27.4%; and IV, 5.9% (Slbrenson, 1941, p. 189). 

TABLE 1. Northeast Greenland Thawing Periods 
(after Sc,jrenson, 1941) 

Period 

11 
III 

IV 

Date of disappearance 
of snow cover 

June 1 
June 1-15 
June 15-July 1 

after July 1 

Species tolerant of 
each period" 

Salix arctica, Poa alpina 
Salbe arctica, Poa alpina 
Salix arctica, Poa alpina, 
Ranunculus nivalis, 
Oxyria digyna 
Oxyria digyna 

·Only four species are considered here; they are species which 
were also studied at Chitistone Pass. 



VEGETATION-SNOW COVER RELATIONS 

The paucity of species found on the late-bared sites 
can probably be accounted for largely by low ground 
temperatures due to slow thawing of permafrost. Only 
one species, Ranunculus nivalis, a mid-season species at 
Chitistone Pass, will form flower buds beneath snow 
even though the ground is frozen. The frozen ground also 
causes rapid surface runoff, prevents deep infiltration, 
and limits the reservoir of moisture available for plant 
use at Chitistone Pass. Although the pass is humid and 
subject to only short periods in which drying can occur, 
knobs become quite arid because of early snow clearance 
(and hence early ground thawing) and because they are 
not supplied with meltwater after early summer; these 
conditions favor the growth of bryophytes, which pre
dominate on the knobs. 

Areas in the pass that are snow covered until late sum
mer are especially marked by active stripes of mud. These 
are probably in part both a cause and an effect of sparse 
vegetation (usually 10% cover or less). Along the transect 
these areas became snowfree only after mid-July. The 
stripes, some of which extend 6 m or more down slopes 
of 6° to 16°, are 30-60 cm wide; they are separated by 
linear, discontinuous patches of vegetation, 5-40 cm 
wide. The mud stripes consist mostly of silt and sand, in 
contrast with gravel and coarser particles which predomi
nate between the stripes and in areas where snow disap
pears earlier in the season. The fine sediments comprising 
the mud stripes may largely derive from dirt deposited 
by wind on late snow patches, thence redeposited on the 
gr9und in areas oflate snowmelt (Warren Wilson, 1958). 
Meltwater from the retreating snow patches lubricates the 
stripe material. It is suggested that movement of mud 
stripes, as well as the short growing season where the stripes 
occur, inhibits plant establishment and growth there. 

Other Effects of Snow Cover on Vegetation 

Duration of snow cover affects not only the distribu
tion and frequency of plants, but also their phenology 
(for example, see classic work by Stbrenson, 1941, for ac
count of these relations in Greenland). Different plants 
of the same species usually flower and set seed, for ex
ample, at different periods depending on the duration of 
snow cover and the temperature of the ground. Few 
plants growing in areas that have been snow covered un
til August appear to flower or fruit, in contrast to those 
in nearby areas, where flowering and fruit bearing are 
common. 

Only a few kinds of plant life-forms can survive the 
conditions of long snow cover and short summers at 
Chitistone Pass. None of the plants are annuals (thero
phytes), presumably because, at least occasionally, a 
growing season is too short to complete the life cycle. It 
would take only one abnormally short summer every few 
years to eliminate a population of annuals. On the other 
hand, populations of perennials can survive with only 
occasional years during which they can reproduce sexu
ally. Many species commonly reproduce vegetatively by 
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runners or rhizomes (for example, Salix arctica, Carex 
bigelowii, Petasites frigidus), which is advantageous where 
the growing season is short. All the plants are either 
chamaephytes, hemicryptophytes, or geophytes; that is, 
they have their perennating buds above ground within 
25 cm of the surface , at ground level , or beneath the 
ground surface. Taller plants are presumably limited by 
prolonged or severe low temperatures, especially in late 
summer before a new protective cover of snow has ac
cumulated. There are fewer geophytes than chamaephy
tes and hemicryptophytes, perhaps because the late fro
zen ground retards their initiation of growth. 

Depth of snow, rather than duration of cover, has been 
noted as affecting plant distribution and form elsewhere 
(Daubenmire, 1959, pp. 94-97; and others). However, 
depth most strongly affects trees and shrubs which are 
taller than the plants of Chitistone Pass. At the pass it is 
hard to separate the effects on plants of snow depth 
from those of snow duration because the two are so 
closely related. 

Summary and Conclusions 

(1) Duration of snow cover, which is mainly a function 
of summer energy inputs, topography, and depth of ac
cumulation, is a primary determinant of spatial differ
ences in the alpine plant-cover at Chitistone Pass, Alaska. 
This is so because different plant species can tolerate dif
ferent durations of snow cover. 

(2) Quantitative study of the relations between species 
occurrence and the dates during 1967 and 1968 on which 
sites became bare of snow shows that (a) Salix artica, 
Carex bigelowii, Thamno lia vermicularis, and Rlzacomi
trium lanuginosum are extremely tolerant of sites that 
are clear by mid-June and less tolerant of places where 
snow lies later; (b) Petasites frigidus, Artemisia arctica 
ssp. arctica, Poa alpina, Ranunculus nivalis and Hylocom
ium alaskanum are restricted to sites that become bare 
between mid-June and the end of July ; and (c) Saxifraga 
reflexa, Oxyria digyna, Aulacomnium palustre, and 
Bryum sp. can tolerate snow cover that lasts into August. 

(3) Knowledge of such relationships allows one to pre
dict from vegetation the approximate duration and depth 
of snow cover once the depth-duration relations are 
known. Such predictions can have great practical impor
tance in planning roads and other construction in alpine 
and Arctic areas, as they have, for instance, in Norway 
(Nordhagen,1952). 

(4) The ultimate causes of the effects of snow dura
tion on plant distribution are physiological, but these 
causes remain to be demonstrated experimentally. In 
general, plants growing in early snowfree areas can en
dure very low temperatures and dessication by wind. 
Plants growing in places where snow lies later must be 
able to withstand greatly shortened growing seasons, 
especially at this high-latitude, high-elevation locality 
where summers are already short. 

1 
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(5) Results from Chitistone Pass suggest that, because 
of environmental and botanical differences, certain gen
eralizations helc\ by some plant geographers concerning 
vegetation-snow cover relations- mostly based on obser
vations at lower latitudes-should be modified as follows: 

(a) In areas of frozen ground, it is not the snow cover but 
the frozen ground that largely prevents plant growth prior 
to clearance of snow. 
(b) Though some studies in lower latitudes have emphasized 
the importance of meltwater supply (Poore, 1955, p. 634; 
Billings and Bliss, 1959) , irrigation by water from meltwater 
snow patches appears to be less important in controlling 
al pine vegetatio n than does duration of snow cover per se. 
(c) The plant species associated with snow banks in Chiti
stone Pass arc mostly different from those found in similar 
European environments, a lthough many of the genera are 
the same. 

(6) [n addition to snow cover, various geomorphic pro
cesses (creep, frost-heaving, debris flowing, etc.) affect 
the vegetation, but these effects probably are secondary 
in Chitistone Pass. Furthermore, the distribution and in
tensity of most of these processes is strongly dependent 
on the nature of the snow cover. Quantitative and inte
grated studies of dynamic relations between snow cover, 
vegetation, and other elements of the alpine landscape 
can provide needed answers to why spatial and temporal 
variations in these phenomena occur. 
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Notes on Eight Species of Coprinusof the 

Yukon Territory and Adjacent Alaska· 

Roy Watlingt and Orson K. Miller, Jr. :j: 

ABSTRACT. Eight species of Coprinus, including C. a tramentarius, C. comatus, C. exstinctorius, C. 
micaceus, C. narcoticus, C. patouillardii, C. radians, and C. subimpatiens are recorded from the St. Elias 
Mountains and near Kluane Lake in the Yukon Territory, the Skolai Pass in the Alaskan Range , and the 
vicinity of Juneau, Alaska. 

Introduction 

The species reported herein were collected in the 
summers of 1967 and 1969 in the St. Elias Mountains 
and near Kluane Lake in the Yukon Territory, the 
Skolai Pass in the Alaskan Range, and in the vicinity of 
J uneau, Alaska. All collections have been deposited in 
the Forest Disease Laboratory (BFDL) Herbarium. 

The taxonomy adopted is outlined by Singer (1962). 
Some other agarics that Singer included in the Copri
naceae, such as Panaeolus (including Anellaria), have been 
treated by Miller (1968). 

All species recorded up to date are also known from 
Europe except the collection which resembles Coprinus 
narcoticus. All specimens were compared with West 
European collections and most of the species encoun
tered in the Yukon and Alaska were found to be cos
mopolitan. The presence of two coprophilous species is 
attributed to the introduction and subsequent distribu
tion of horses which occurred during and after the 
construction of the Alcan Highway. The highway 
through this formerly virgin country has allowed move
ment of other coprini, such as C. comatus. 

Coprinus atramentarius (Bull. per Fr.) Fr. 
Epicr. Syst. Mycol. 243. 1838. 

Although typically growing on wood, this species is 
also found near old stumps, near buried wood, or on 
soil and seemingly unconnected with wood. C. acumi
natus (Romagn.) Orton is closely related but is more 
frequently found on soil; its fruiting bodies are smaller 
and the spores are not as wide for the same length 
(elongate ellipsoid as opposed to ellipsoid). C. atramen
tarius is common in Europe and widely distributed in 
North America. 

*This report has previously appeared in the Canadian Journal of 
Botany, Vol. 49, pp. 1687- 1690 (1971), and is reprinted here 
with the permission of The National Research Council of 
Canada. 
tRoyal Botanic Garden, Edinburgh, Scotland 
:j:Forest Disease Laboratory of the Forest Service, United States 
Department of Agriculture; Laurel, Maryland, at time of writing; 
present address: Department of Biology, Virginia Polytechnic 
Institute and State University, Blacksburg, Virginia 

On hard ground, West Glacier trail, Mendenhall 
Glacier, Tongass N.F. , Alaska, 2 viii 1967, O. K. M. 
5950 and in a similar habitat near Eagle River, Tongass 
N.F. , 7 viii 1969, O. K. M. 7968. 

Coprinus comatus (Miill. per Fr.) S. F. Gray. 
Nat. Arr. Brit. PIs., 633. 1821. 

This is a familiar, widely distributed fungus and the 
type species of the genus. It is common on disturbed 
soil and characteristic in settled areas in Western 
Europe and North America, such as roadside verges, 
gardens, and wasteland in new housing estates and the 
center reservation and embankments to major highways; 
it is very frequent in areas where city refuse has accumu
lated. Cool moist periods in the Yukon combined with 
many areas of hard-packed bare ground result in luxu
riant fruitings of C. comatus. Shifting rivers and mud 
slides constantly bury organic debris creating many 
favorable habitats for its growth and fruiting. Many 
variants, based on shape of the developing cap, have been 
proposed but it is doubtful whether they deserve taxo
nomic rank. 

Near highway in hard soil, Mile 1065, Alcan Highway, 
Yukon Terr., 20 viii 1967, O. K. M. 5669; in duff on 
buried Salix wood, trail to Silverbow Basin, behind 
J uneau, 2 viii 1969, O. K. M. 7979. 

Coprinus exstinctorius (Bull. ex St. Amans) 
Fr. Epicr. Syst. Mycol. 245. 1838. 

pileus 60 mm broad, conic to campanulate in age, 
covered with whitish fibrils at first, plicate in age, on 
expansion the grayish-black ground color is revealed, 
autodigestion occurs rapidly. Lamellae ascending, 
close, nearly free, thin, gray then black at maturity. 
Stipe 140 mm long, 9-10 mm wide, tapering somewhat 
toward the apex, covered with fme , downy, white 
fibrils. Veil not seen. 

Basidia four-spored. Basidiospores 9-10 X 6-7 Jl, 
dark brown, smooth, slightly pip-shaped in some views, 
large, with very slightly eccentric germ pore. Pileus 
surface overlaid by hyaline to pale yellow, glassy-walled 
hyphae 5-12 Jl broad. 
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On or very close to wood of Populus tremuloides 
Michx., Mile 1019, Alcan Highway, Yukon Terr. , 14 vii 
67, o. K. M. 5578. 

The interpretation of Coprinus exstinctorius adopted 
here is that of Romagnesi (1941). Our collection agrees 
in all microscopical details with one made growing from 
the wound of an old snag on Quercus petrea at Roslin, 
Midlothian, Scotland. It is a distinctive fungus for, 
although having the caespitose, lignicolous habit of C. 
micaceus, it is white with only a few flecks of brown at 
the disc. The veil is quite differently constituted than 
that of C. micaceus and lacks the distinctly rounded 
cells. 

Coprinus micaceus (Bull. per Fr.) Fr. Epicr. 
Syst. Mycol. 309. 1838. 

This species is frequently confused with the closely 
related Coprinus truncorum Schaeff. per Fr. which 
differs in having abundant pleurocystidia and basidia
spores ovate in face view. It is typically found growing 
on stumps or attached to buried wood. Judging from the 
material in the herbarium at Ann Arbor (MICH) C. trun
corum has been frequently misidentified by North 
American mycologists and called C. micaceus. In fact, 
C. truncorum would appear to dominate in the Great 
Lakes region. 

On soil and buried wood, Mile 1058, Alcan Highway, 
Kluane Lah, Yukon Terr., 6 vii 1967, O. K. M. 5813; 
on lawn among grass and moss, road to Thane , J uneau , 
8 viii 1969, o. K. M. 7854. 

Coprinus narcoticus (Pers. ex Fr.) Fr. Epicr. 
Syst. Mycol. 311. 1838. 

Pileus 20-40 mm broad, conic expanding to campanu
late, covered with fine white powder which is moist and 
rubs off in patches revealing a grayish black, radially 
striate surface. Lamellae close, ascending, thin; rapidly 
auto digesting. Stipe 40- 60 mm long, 3-4 mm wide, 
tapering somewhat toward apex, covered at first by very 
short white hairs, nearly glabrous at maturity. Veil not 
present except for a few fibrils extending in young 
buttons from the pileus margin to the stipe. 

Basidia four-spored. Basidiospores lenticular-angular in 
profile, to ovoid in face view, 17-19 (-20) X 13-15 X 
10- 11/1, dark black-brown, colorless (in NH40H) 
irregularly distributed perispore which breaks away in 
H2 S04, with distinct very slightly eccentric germ pore. 
Pleurocystidia and cheilocystidia collapsed. Pileus sur
face cellular, of cells 25-30/1 broad, overlaid by 
Hlamentous cells 4.5-6/1 broad, some irregularly 
swollen end-cells up to 15 /1 broad. 

On horse dung, Mile 1019, Alcan Highway, near 
HainesJunction, Yukon Terr., 14 vii 1967, O. K. and 
Hope Miller: o. K. M. 5579. 

The specimens were intermediate in some respects 
between C. niveus (Pers. per Fr.) Fr. and C. narcoticus. 

WATLING AND MILLER 

They resembled the latter in size and by having a peri
spore and the former in the occurrence of largt spores 
which were angular in some views. Both of these 
coprini have a mealy veil consisting of subglobose to 
ellipsoid cells. These cells are easily lost and it has not 
been possible to trace any such cells on the pilei of the 
collection under study even though all the specimens 
are fully mature. Therefore, the identity of this fungus 
is not certain. C. jlocculosus Romagn. is closely related 
but it does not have basidiospores with the distinct 
perispore which our collection possesses. 

Coprinus aff. patouillardii Quelet. Patouillard 
Assoc. Fr. 4.1884. 

Pileus 4- 5 mm broad, ovate at first then conic to 
nearly plane in age or even upturned somewhat at the 
margin, smooth, light brown darkening toward center, 
without striations. Lamellae subdistant, gray at first, 
blackening in age from limited autodigestion. Stipe 
30-35 mm long, 0.3 mm wide, even, glistening whitish; 
annulus rarely present, usually exannulate. 

Basidia four-spored. Basidiospores lenticular-angular in 
proHle, to almost subglobose in face view, dark brown, 
smooth, 9.5- 11 X 9-10 X 6-7/1 with prominent 
apiculus and prominent central germ pore. Pileus sur
face 'cellular'; veil constituents dispersed. 

On dung, Mile 1019, Alcan Highway, Yukon Terr., 14 
vii 1967, O. K. M. 5581. 

Coprinus patouillardii is a very common coprophilous 
agaric widely distributed in Europe and North America. 
Watling has collected it in Michigan, Idaho, Washington, 
and Utah. The pileus size is quite variable at maturity, 
sometimes only a few millimeters broad. The present 
collection has somewhat larger basidiospores than usual 
and a fugacious annulus. Careful field observations re
veal slight differences between populations. The most 
frequently encountered variant has a pale buff to 
ochraceous, powdery pileus with slightly darker floccules 
on the disc. A much darker, more nut-brown variant 
also exists. Microscopically a four-spored and a two
spored race can be recognized, and when the cell 
constituents of the veil are analyzed two groups again 
can be separated. Some collections have distinctly 
ornamented veil constituents while others have smooth, 
or at most psilate, veil constituents. Richardson and 
Watling (1968) have already published a key to copra
philous agarics in which they indicate that the differ
ences which exist in collections of this fungus appear to 
be constant. C. cordisporus Gibbs is a supposed synonym 
of C. patouillardii. C. angulatus Peck as described by 
Lange is another member of this same complex. How
ever, new cultural techniques, including those recently 
described by Kemp (1970), may shed some light on the 
autonomy of these so-called 'species.' 



EIGHT SPECIES OF COPRINUS 

Coprinus radians (Desm.) Fr. Epicr. Syst. 
Mycol. 248. 1838. 
Pileus 15-40 mm broad, conic at first to campanu

late in age, brown, covered with fine granules (especially 
over the disc) which often rub off or disappear in age, 
radially striate to the disc. Lamellae close, narrow, 
nearly free, nearly white at first to deep brown at 
maturity, autodigestion not observed. Stipe 40-60 mm 
long, 3-4 mm wide, tapering somewhat toward apex, 
white with very short stiff hairs mostly near the base 
which soon disappear; stipe base drying to resemble a 
volva-like base. 

Ozonium, orange-red in O. K. M. 5773, to pale buff in 
O. K. M. 5580, consisting of undivided hyphae bound 
strongly together to form compound strands of hyphae 
5-611 broad. 

Basidia four-spored. Basidiospores 8-10 X 4.5-5.511, 
dark brown, ellipsoid in face view, slightly constricted 
toward center to become slightly phaseoliform-reniform 
in side view, prominent apiculus, central germ pore. 
Pleurocystidia not seen; cheilocystidia collapsed, not 
reviving. Pileus surface covered with a veil composed of 
fllamentous to swollen orange-brown cells, sometimes 
strongly incrusted, up to 48 X hi 11. Cuticle of rounded 
cells up to 2011 broad, trama similar but the cells are 
smaller. Clamp connections not seen. 

Gregarious on disturbed soil, Mile 1019, Alcan High
way, near HainesJunction, Yukon Terr., 14 vii 1967, 
O. K. M. 5773 and 24 vii 1967, O. K. M. 5580. 

Widely distributed in Western Europe and northern 
areas of the United States on wood or in soil-wo od
debris mixtures. It is confused with C. micaceus but 
differs in the shape of the basidiospore (slightly phaseoli
form-reniform in side view) and the thick-walled, highly 
pigmented, variably shaped cells of the veil. C. radians is 
also closely related to C. domesticus (Bolt. per Fr.) S. F. 
Gray but the spores are shaped differently. 

Coprinus subimpatiens M. Lange & A. H. 
Smith. Mycologia, 45: 772. 1953. 

Pileus 12 mm broad, conic, plicate-striate at the 
margin, glabrous, gray. Lamellae close, narrow, nearly 
free, black (mature when collected), very little auto
digestion. Stipe 43 mm long, 0.5 mm wide, filiform, 
light brown with a slightly enlarged base covered with 
white mycelium. 

Basidia four-spored. Basidiospores 9-10 X 5.5-611, 
ellipsoid, slightly narrower in side view, prominent 
apiculus and distinctly eccentric germ pore. Pileus sur
face 'cellular' of rounded cells, intermixed with a few 
pale yellow, thick-walled, fractured sclerocystidia, 
5.511. Clamp connections not seen. 

In herbaceous growth, Mile 1130, Alcan Highway, 
Yukon Terr., 7 vii 1967, O. K. M. 5498. 
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C. subimpatiens appears to be more polymorphic 
than the other closely related species of section Heme
robii subsection Setulosi dealt with by Lange (1952). 
Lange tentatively assigned three isolates to this taxon 
but additional culture study may reveal that more than 
one taxon exists. The dark brown basidiospore with an 
eccentric germ pore in our material agrees with Lange's 
third collection. C. plicatilis (Curt. per Fr.) has been 
recorded from Baranof Island near Juneau (Saccardo, 
et al., 1904). C. subimpatiens, however, has pileocys
tidia, ellipsoid basidiospores, and lacks a collar of 
tissue at the stipe apex. 
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Arctic and Alpine Agarics from Alaska and Canada* 

Orson K. Miller, ]r.,t Gary A. Laursen,t and Barbara M. Murray+ 

ABSTRACT. Eight species of agarics in the Basidiomycetes from arctic and alpine tundra in Alaska and 
adjacent Canada are included. Four taxa are reported from North America for the ftrst time including one new 
species. One taxon is reported for the ftrst time from arctic tundra in North America. New ecological infor· 
mation, host ranges, and fruiting periods are presented for all taxa. Camera lucida drawings are included for 
ftve taxa. 

Introduction 

In 1967 the study of agarics and other Homobasidio
mycetes in tundra plant communities was initiated in 
southeastern Alaska and the adjacent Yukon Territory 
of Canada by the senior author. Since then several re
ports on fungi have included species typically found in 
tundra (Laursen,etal., 1972; Miller, 1968,1969; Miller 
and Gilbertson, 1969). The present paper includes fungi 
collected and studied only in arctic or alpine tundra. The 
alpine sites are in the St. Elias Mountains (Plate 1)~ the 
Skolai Pass in the easternmost Wrangell Mountains (Plate 
2),1 and Eagle Summit in the Yukon-Tanana Upland, 
Alaska. In the Arctic several areas were studied on the 
Alaskan North Slope including Pt. Barrow and Beaufort 
Lagoon in the Arctic Coastal Plain and Umiat on the 
Colville River adjacent to the northern foothills of the 
Brooks Range. 

All drawings were made with the help of a camera 
lucida. Colors in quotes (for example, "vinaceous-slate") 
are from Ridgway (1912) and those numerically des
ignated are from Kornerup and Wanscher (1966). Unless 
stated otherwise all collections cited are located at the 
Virginia Polytechnic Institute and State University Her
barium (VPI). Portions of collections as indicated in the 
text are at the University of Alaska Herbarium (ALA). 

Lactarius lanceolatus 

o. K. Miller & G. A. Laursen, sp. novo Figs. 1-5 

Pileus 13-22(-35)mm latus, e convexo convexo-
depressus, umbone parvo paratus, glaber viscidulus 
aurantio-brunneus; caro frrma, laticem album constantem 
exudans; odor aridus non distinguens; sapor acerbus. 
Lamellae breve decurrentes, e denso subdistantes, alu
taceae usque in aetate dilute aurantio-brunnea. Stipes 
25-40 mm longus, 3-5 mm latus, ad basim inflatus, 

*This report has previously appeared in the Canadian journal of 
Botany, Vol. 51, pp. 43-49 (1973), and is reprinted here with 
the permission of The National Research Council of Canada. 
tVirginia Polytechnic Institute and State University, Blacksburg, 
Virginia. 
:j:Museum, University of Alaska, Fairbanks, Alaska. 
1 Plates 1 and 2 are maps inside the back cover of this volume. 
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glaber, in sicco aurantio-brunneus. Sporae 7-10 X 6-7.5 Il, 
e globoso subglobosae, obtuse verruculosae, costis amy
loideis (in dilutum Melzer caerulescentibus) 0.5-1.0 Il 
altis praeditae, apiculo parvo hyalino ornatae, in massa 
albae. Pleurocystidia cheilocystidiaque 35-82 X 5-11 Il, 
lanceolata clavato-mucronata, interdum clavate, tenui
tunicata hyalina. Pileocystidia 22-44 X 2-6 Il, numerosa, 
cellulis extremis latiferis contento flavidulo impletis. 
Textura heteromerica, ex hyalino flava. 

TYPUM LEG.: Barbara M. Murray 4239, Beaufort 
k k o, 0' 

Lagoon, Nuvagapa Pt., Alas a (69 53 N, 142 18 W, 
ca. 80 ft elev.), July 30,1971. In herbario Virginia Poly
technic Institute and State University, Blacksburg, 
Virginia. 

Pileus 13-22(-35) mm broad, broadly convex to con
vex depressed with a small umbo, glabrous, slightly 
viscid, orange-brown. Lamellae short decurrent, close to 
sub distant, tan at frrst to light orange-brown. Stipe 25-
40 mm long, 3-5 mm thick, enlarging slightly toward 
base, glabrous, dry, light orange-brown. Flesh frrm, 
white, exuding a white unchanging latex. Smell when 
fresh or dry not distinctive. Taste bitter. 

Spores 7-10 X 6-7.5 Il, globose to subglobose, mostly 
blunt warts with short amyloid ridges (0.5-1.0 Il high), 
and a small hyaline apiculus; white in deposit. Basidia 
40-60 X 8-12 Il, clavate, four-spored, thin-walled, hya
line in KOH and Melzer's solution. Pleurocystidia and 
cheilocystidia 35-82 X 5-11 Il, lanceolate to clavate
mucronate or clavate, thin-walled, hyaline in KOH and 
Melzer's solution. 

Cuticle of hyaline, interwoven, refractive hyphae 4-7 Il 
diam with numerous pileocystidia 22-40 X 2-6 Il, flla
mentous to narrowly clavate, yellowish contents, appear 
to be end cells of the lactiferous system. Trama of pileus 
of yellow to hyaline hyphae 3-8 Il diam, intermixed with 
irregularly globose to ovoid cells 9-15 Il diam, hyaline to 
yellowish in KOH and Melzer's solution. Trama of lamel
lae similar to pileus trama. 

HABIT AND HABITAT: Gregarious in mesic tundra 
dominated by sedges and grasses, Beaufort Lagoon, 
Nuvagapak Pt., and elsewhere on the Arctic Coastal 
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Plain of Alaska. Fruiting in late July and early August. 

OBSERVATIONS: Lactarius lanceolatus may be close 
to L. jecorinus Fr. (Moller, 1945, p. 156) but L. jecorinus 
has only been collected and described by Fries and no 
herbarium specimens are available. The lanceolate pleu
rocystidia, small size, white latex, and large spores are 
the distinctive characters of L. lanceolatus. 

MATERIAL EXAMINED: U.S.A. : Alaska; Barbara M. 
Murray 4239 (TYPE) (VPI and ALA); G. A. Laursen and 
O. K. Miller 10294, 10316 (VPI and ALA). 

Russula xerampelina Schaef. ex Fr. var. pascua 

Moller & J. Schaeff. Ann. Mycol. 38:332.1940. 

This variety is small with a pileus 20-45 mm broad and 
a viscid cuticle in wet weather. The colors are deep red
dish purple sometimes tinted olivaceous, infrequently 
with areas ranging to orange but never with the red or 
whitish color so often encountered in R . emetica var. 
alpestris. The odor is disagreeable with a distinctive 
smell of fish, crabs, or lobsters, which can be detected 
in dried specimens. The taste is mild, the stipe white but 
frequently tinted pink. FeS04 produces a gray-green re
action on the fresh flesh and the dried fruiting bodies are 
hard and not brittle. 

The cuticle of the pileus is a hyaline refractive pellicle 
with scattered pileocystidia which are hyaline and de
void of yellow granular contents. The spores are 8-11 X 
7-9 /1, broadly elliptical to subglobose with fine amyloid 
warts and scattered low broken ridges less than 0.5 /1 
high. It agrees well with specimens borrowed from 
Switzerland and reported by Favre (1955) . 

So far we have found this variety only in the Alaskan 
Arctic. In Europe it is reported from alpine tundra 
(Favre, 1955; Romagnesi, 1967) above 2400 m, in arctic 
tundra from the Faeroes (Moller, 1945), and in a number 
of other locations. Russula oreina Singer is regarded by 
Favre (1955) and Singer (1962) as the same taxon. This 
new record from North America suggests a circurnpolar 
distribution for this arctic variety. 

Russula xerampelina var. pascua is scattered to numer
ous on drier sites under or near Salix rotundifolia on 
polygon tops or on banks along streams in the Arctic. 
Fruiting occurs during August, often among R . emetica 
var. alpestris, and is usually in among tundra vegetation 
with only the cap being visible. We have found the 
variety only in the dry extremes of the moisture gradi
ent and in close association with species of Salix. 

Russula emetica var. alpestris and R . xerampelina var. 
pascua are the only two red russulas so far encountered 
in North American tundra. They can be easily distin
guished if one checks the latter species for its disagree
able smell, mild taste, gray-green reaction of the flesh in 
FeS04, and the pink tints on the stipe. In dried material 
the conspicuously different pileus cuticle and texture of 
the dried specimens are both good characters. Some dried 

specimens of R. xerampelina var. pascua will retain the 
disagreeable smell and pink coloration on the stipe. 

MATERIAL EXAMINED: U.S.A.: Alaska; O. K. Miller 
& G. A. Laursen 10566, 10568; B. Murray 4241B. 
EUROPE: Switzerland; J. Favre 191A, 191B, (CHUR).2 

Russula emetica Schaeff. ex. Fr. var. alpestris 

Boud. Bull. Soc. Bot. Fr. 41: 246. 1894. Fig. 6. 

This small variety has a pileus 10-30 mm broad and a 
moist but not viscid cap. The pigmentation on the cap is 
quite variable and can be deceptive with colors ranging 
from deep reddish purple to deep purple-red, "vinaceous
slate " to "deep purplish vinaceous" but many specimens 
are mostly red with a tint of purple and vary to nearly 
white with only tints of pigment visible. The odor is not 
distinctive. The taste is acrid but not strong and not im
mediately apparent. This character is also reported 
(Favre, 1955; Moller, 1945) for European material in the 
Swiss Alps and European Arctic. The stipe is white with
out any pink to reddish stains and the spore print is 
white or tinted cream color. FeS04 on the fresh flesh 
does not produce a green reaction. The dried fruiting 
bodies are very brittle and light while those of R. xer
ampelina var. pascua are noticeably tougher. 

The pileus cuticle has abundant protruding and embed
ded pileocystidia 25-75(-120) X 6-10/1, which are 
mostly narrowly clavate and filled with yellow granular 
contents in 3% KOH. The spores are 7.5-9.0(-10) /1, 
subglobose with an amyloid partial reticulum and some 
scattered warts about 0.5/1 high. It agrees in every way 
with material determined by Favre (CHUR) and reported 
by him (Favre, 1955). 

We have now found this species in subarctic tundra in 
the St. Elias Mountains in the Yukon Territory of Cana
da and in arctic tundra on the North Slope in Alaska. It 
is also widely distributed in the Eurupean Arctic (MolIer, 
1945; Romagnesi, 1967). In Greenland R. emetica var. 
alpestris is reported as R. alpina (Blytt) Maller & Schaeff 
(Lange, 1957), and under the same name from the 
Faeroes (Moller, 1945). It is found in alpine tundra in 
the Alps, usually at or about 2400 m. These new North 
American records are evidence of another circumpolar 
fungus also found in alpine tundra and perhaps largely 
restricted to the tundra biome. A species "156. Russula 
fraKilis (Pers.) Fr." (Kobayasi, et aI., 1967) is probably 
this or the preceding species but their description is not 
sufficient to determine which one. 

In arctic tundra R . emetica var. alpestris is found on 
polygon tops and on low ridges under or very close to 
species of dwarf willow (Salix arctica and Salix rotundi
folia) on the dry side of the moisture gradient and in 
similar habitats on comparatively drier sites in alpine 
tundra. Fruiting occurs in late July and August with 

' Na tio nal Park Musc um, Grabcll strassc 31, Chur . Switl.~r1a lld 
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several to many sporocarps in one area, where they are 
typically almost buried with only the caps visible. 

MATERIAL EXAMINED: CANADA: Yukon Territory; 
O. K. Miller 5920, 5921, 5878A. U.S.A.: Alaska; O. K. 
Miller 10289 (ALA), 10472, 10514, 10537, 10533, 
10556, 10558, 10564 (ALA), 10565; B. Murray 4241A 
(ALA). SWITZERLAND: J. Favre 188A, 188B, 188C, 
188D (CHUR). 

Cystoderma amianthinum (Scap. ex Fr. ) Fayad 
var. a1flianthinum Ann. Sci. Nat. Ser. 7, 9: 351. 
1889. 

This species has been described from temperate and 
cold-dominated regions of Europe, Asia, and North 
America (Smith and Singer, 1945) as well as Japan (Imai, 
1938). Cystoderma amianthinum has probably been de
scribed under the name Armillaria musicola cleland from 
southern Australia according to Smith and Singer (1945). 
In Europe C. amianthinum is reported from the Swiss 
Alps, up to 2400 m, where it grows in association with 
the carpets of dwarf willows (Salix spp.) and dryads 
(Dryas sp.) (Favre, 1960). According to Lange (1955), 
fruiting occurs from late July to mid-September in low 
moist mosses and heathers and it is associated with Salix, 
Betula, Lycopodium, Sieglingia, and Empetrum in 
Greenland. 

In North America's temperate zone C. amianthinum is 
widely distributed from coast to coast, ranging south to 
North Carolina in the east and to California in the west. 
In temperate areas it is found singly to densely gregarious, 
frequently among beds of Polytrichum or other mosses, 
on fallen leaves or on needles under conifers (Smith and 
Singer, 1945). In the Alaskan Arctic C. amianthinum has 
been found in the Lake Peters area on the Alaskan North 
Slope in low moist mosses (Kobayasi, et al., 1967). Dur
ing the 1971 field season we found fruitings on the 
North Slope near Umiat and as far north as Pt. Barrow, 
Alaska. 

At Umiat, which is in close proximity to the north
sloping foothills of the Brooks Range along the Colville 
River, C. amianthinum was found fruiting singly to 
densely gregarious in mid-August on moist, dark, rich 
decaying and brown peatlike organic soil mats which 
were completely devoid of all other vegetation (mosses, 
etc.). These mats were exposed by man-induced pertur
bation. Near Pt. Barrow this species was also found on 
exactly the same type of substrate, but in areas of 
natural perturbation. Water erosion and ice action along 
stream banks in the low wet meadows of !BP-U.S. 
Tundra Biome Site 4,3 had exposed low banks of the 
same peatlike organic soil also devoid of all vegetation. 
This is an area of arctic tundra typified by wet to mesic 
meadows occasionally with low-centered polygonal 
ground. Late in the season when fruiting occurs the site 
was considerably drier. The common occurrence of this 

3 International Biological Program, U. S. Tundra Biome 
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fungus on perturbed sites has not been previously re
ported. Its role in the decomposition of sites of this type 
is being investigated further. 

MATERIAL EXAMINED: U.S.A. : Alaska; Gary A. 
Laursen & O. K. Miller 10340 (ALA), 10360 (ALA), 
10513 (ALA), 10594, 10595, 10596, 10597. 

Hebeloma pusillum J. Lange, FL Agar. Dan. 3: 
95. PI. 120. 1938. Figs. 7-9 

Pileus 12-26 mm broad, convex to convex umbonate, 
margin somewhat inrolled at fust , somewhat viscid fresh, 
brown to tan over the margin. Lamellae sinuate, moder
ately broad, nearly white to light brown from the spores, 
edges white funbriate (seen with hand lens). Stipe 11-25 
mm long, 1-2.5 mm broad, nearly equal, dry, white with 
minute white fibrils over the upper one-third, light 
brownish below. Veil absent. 

Spores 9-14 X 5.5-7 Il, elliptical in profIle, almond
shaped in face view, minutely warty, yellowish in KOH 
and Melzer's solution, brown spore print. Basidia 26-36 
X 7-10 Il, clavate, thin-walled, four-spored, hyaline. 
Cheilocystidia 40-72 X 6.0-12 Il, nearly cylindric with a 
rounded head, sometimes capitate, thin-walled, hyaline 
in KOH and Melzer's solution, numerous. Cuticle of thin
walled, gelatinous hyphae 2-5 Il diam, somewhat refrac
tive in KOH. Pileus trama of interwoven hyphae 4.5-12 Il 
diam, cylindric or sometimes inflated, thin-walled, hya
line in KOH and Melzer's solution. Trama of lamellae 
regular, of hyphae 3-14 diam, hyaline in KOH and 
Melzer's solution. Clamp connections present through
out. 

HABIT AND HABITAT: Several, usually close together, 
on moist soil which is usually covered with low mosses, 
lichens, and willows. Fruiting in late July and early 
August. 

DISTRIBUTION: In North America known only from 
arctic tundra, in Alaska at Pt. Barrow and Nuvagapak Pt. 

OBSERVATIONS : According to Bruchet (1970), the 
lack of a veil places this species in section Denudata (Fr.) 
Sacc. and the small size, narrow stipe, long cystidia with 
enlarged to capitate heads, and strongly umbonate pileus 
are characters which separate H. pusillum from other 
closely related species in the section. Our specimens 
agree well with European material (cited below) which 
we have studied. This is another case of a new North 
American record which strongly suggests a circumpolar 
distribution for many higher fungi in the tundra biome. 
Hebeloma pusillum has been found in relatively moist 
habitats but more information is needed to adequately 
describe the plants with which it is associated. 

MATERIAL EXAMINED: U.S.A.: Alaska; Murray John
son and Barbara M. Murray 4059; Gary A. Laursen and 
O. K. Miller 10366, 10388 (ALA). GREAT BRITAIN: 
P. D. Orton 594 (E), 2037 (E). SWITZERLAND: J. 
Favre, Sept. 1, 1936 (G). 
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Inocybe decipientoides Peck, Bull. Torrey Bot. 
Club, 34: 100.1907 Fig. 10 

Described by Favre (1955) from 2300 m under a cover 
of Dryas in the Swiss National Park. Lange (1957) re
ports it from Greenland, under the name of 1. lanuginella 
(Schroet.) J. E. Lange, where he fmds it associated with 
Salix herbacea but usually fruiting near the ocean. He 
also mentions that he has found 1. lanuginella in Lapland. 
In Europe I. decipientoides is also commonly found un
der conifers and hardwood stands (Moser, 1967). In 
North America, where 1. decipientoides was described 
by Peck, it is also commonly found in forests south of 
the tundra biome. Grund and Stuntz (1968) have 
thoroughly described the miscroscopic characters. As far 
as we can tell the large collection of this species on a 
hummock in mesic tundra is the Hrst report of it north 
of the Arctic Circle in North America. 

In the Alaskan Arctic it was found at Nuvagapak Pt. , 
near the Arctic Ocean, in late July. The habitat and lo
cation near the ocean is similar to that reported by 
Lange (1957) and indicated above. 

MATERIAL EXAMINED: Alaska: Barbara M. Murray 
4234 (ALA & VPI). 

Naematoloma udum (Pers. ex Fr.) Karsten. 
Bidr. Finl. Nat. Folk, 32: 497. 1879. 

Agaricus udus Fries, Syst. MycoL 1: 292. 1821. 

This rather small fungus with a thin pliant stipe is very 
common in arctic tundra. It was found scattered to gre
garious among tundra mosses and on dead grasses and 
for the most part restricted to low-centered polygons 
and often totally or partially submerged in snowmelt 
water. It is most common in polygon troughs and areas 
of man-induced or natural site disturbances. It was re
peatedly found to be the ftrst mushroom to become es
tablished in areas of perturbation, !>articularly those pro
duced by repeated tracking of "weasels," tracked 
vehicles used on the tundra. 

DISTRIBUTION: Common throughout Alaska and 
North America (Smith, 1951) and recorded from forest 
and heath bogs in northern Denmark as Psilocybe uda, 
P. elongata, and P. polytrichi, in deep Sphagnum or wet, 
bare, peaty soil (Lange, 1948). Krihner and Romagnesi 
(1953) indicate that this fungus, under the name Hy
pholoma udum Quel. , is found in the Swiss Alps among 
mosses and grasses in wet areas, where it fruits in the 
late summer and fall. On the North Slope N. udum was 
found fruiting from Aug. 1 to Aug. 20, a weather period 
which conformR to late summer and fall temperatures 
in the temperate zone. 

OBSERVATIONS: Spores from dried material and from 
spore prints, when mounted in H2 0 and KOH, demon
strated a large size range (9.5-) 11.5-16.8 X (4.2-)6.3-
7.4(-9.5) p.. 

MATERIAL EXAMINED: Alaska; Barrow, IBP-U.S. 
Tundra Biome Sites 1 and 2. OKM 10271, 10284, 10426, 
10432, 10456, 10469, 10473, 10479, 10480, 10486, 
10488 (ALA), 10557, 10570, 10575, 10583, 10608. 
Michigan; A. H. Smith 33-1039 (MICH). 

Galerina subannulata (Singer) Smith and 
Singer. 
A Monograph on the genus Galerina, Hafner 
Co. p. 293, 1965. Figs. 11-14 

Galerina vittaeformis var. subannulata Singer, 
Sydowia, 7: 246. 1953. 

In arctic tundra near Barrow, Alaska, this was the most 
abundant mushroom fruiting in 1971 and 1972. It is gre
garious on low wet to water-soaked tundra mosses where 
it fruits from late July to late August. It occupies the wet 
end of the moisture gradient and is commonly found in 
polygon troughs and low-centered marshy polygonal 
nets where it often matures while partially or completely 
submerged. 

Favre (1955) reports C. subannulata, under the name 
C. rubiginosa var. annulata Favre, from the Swiss Alps, 
where it is found in the alpine zone from 2250 to 2600 
m. Calerina subannulata is always on wet mosses beside 
springs, streams, or in small swamps, but in other hab
itats, Singer (1962) has found it to be lignicolous, and 
Smith and Singer (1964) report it "among low Empe
trum plants" in Tierra del Fuego. There is a rather wide 
variability in its host range, distribution, and in some of 
its microscopic and macroscopic anatomy. For this 
reason we offer the following description from the 
abundant arctic population of the species. 

Pileus 6-22(-40) mm broad, convex to convex-umbon
ate, yellow-brown (6C5 and 6 to 6B6) to dark brown 
(7E6) in older caps, center sometimes lighter brown 
(5A5), moist, margin inconspicuously translucent striate 
or sometimes almost to the disc. Lamellae adnate, sub
distant, alternate with lamellulae, yellow, mustard-yel
low to yellow-brown. Stipe 12-35 mm long, 1-3 mm 
thick, equal, glabrous, moist, dark brown. Veil white, 
ftbrous, leaving a fragile, ftbrous, superior annulus which 
is frequently missing in age. Smell not distinctive. 

Spores 9.5-12.0(-15) X 6.5-8.0(-9) p., broadly ellip
tical, thick-walled, verruculose or fmely rugose with a 
smooth plage, dextrinoid in Melzer's, yellow-brown with 
conspicuous large guttules in KOH, spore print dull 
dark brown. Basidia 28-40 X 10-12 p., clavate, thin
walled, four-spored, hyaline to light yellowish in KOH 
and Melzer's solution. Cheilocystidia 34-67 (-89) X 
8-12(-15) p., lageniform, ventricose-rostrate to lecythi
form, thin-walled, protruding one-half or more, hyaline 
in KOH and Melzer's solution, numerous to abundant. 
Pleurocystidia similar, average somewhat longer, scattered 
but always present. 

Cuticle of pileus of interwoven thin-walled hyphae 4-
14 P. diam, cylindric, forming a reddish-brown layer in 
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Figs. 1-5. Lactanus lanceolatus. Fig. 1. Spores. Fig. 2. Basidia. 
Fig. 3. Pileocystidia. Fig. 4. Cheilocystidia. Fig. 5. Pleurocystidia. 
Fig. 6. Russula emetica var. alpestris, pileocystidia with granular 
contents. Figs. 7-9. Hebeloma pusillum. Fig. 7. S pores. Fig. 8. 
Basidia. Fig. 9. Cheilocystidia. Fig. 10. Inocybe decipientoides, 
spores. Figs. 11-14. Galerina subannulata. Fig. 11. Spores. Fig. 

12. Basidium. Fig. 13. Cheilocystidia. Fig. 14. Pleurocystidia. 

KOH and Melzer's solution. Trama of pileus similar but 
light yellow-brown with hyphae reaching 18 /J. diam. 
Trama of lamellae of parallel (regular) thin-walled hy
phae, similar in size but with physalomitic cells up to 
25/J. diam near the pileus trama. 

MATERIAL EXAMINED: U.S.A.: Alaska; O. K. Miller 
10279 (ALA), 10345, 10376, 10382, 10383, 10404, 
10412,10448,10450,10458,10474,10475 (ALA), 
10482,10518,10532,10547,10549,10550,10554, 
10563, 10588, 10601, 10603, 10604, 10606. SWITZER
LAND: J. Favre, Aug. 20, 1943 (MICH). 
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Blood Chemistry of the Brown Bear (Ursus arctos) 

from Southwestern Yukon Territory· 

Donal W. Hallorant and Arthur M. Pearson+ 

ABSTRACT. Blood samples from 22 brown bears (Ursus arctos) were assayed for calcium, phosphorus, 
glucose, urea, creatinine, uric acid, cholesterol, total protein, albumin, total bilirubin, alkaline phosphatase, 
lactic dehydrogenase, glutamic-oxaloacetic acid transaminase, sodium, potassium, and chloride. 

Statistically significant seasonal changes in brown bears included a spring-to-summer decrease of calcium, 
urea, creatinine, and uric acid and 'concurrent increases of glucose and potassium. These changes may be re
lated to renal function and seasonal variations in the bear's uiet. The only sexual difference was the higher 
uric acid levels in male brown bears than in females. 

The blood chemistry of four black bears (Ursus americanus) was similar to that of brown bears except for 
slightly higher levels of phosphorus, creatinine, uric acid, glutamic-oxaloacetic acid transaminase, sodium, and 
chloride. Our limited sample of black bears did not allow an investigation of seasonal changes. 

Introduction 

The yearly activities of brown bears (Ursus arctos) in
clude a period of winter dormancy, marked changes in 
weight, and, often, seasonal restrictions in available food. 
Although this knowledge has been commonplace among 
biologists for years, the physiological mechanisms that 
make these adjustments possible have only recently 
come under investigation. Renal function as well as ther
mal and circulatory changes associated with dormancy 
have been examined (Hock, 1960; Folk, et al., 1967; 
Brown, et al., 1968,1971). However, other physiological 
indicators, such as seasonal changes in blood chemistry, 
have yet to be described in the literature. Thus far, 
hematologic studies, with the exception of our own 
(Pearson and Halloran, 1972), on the Ursidae have con
centrated on cellular components and have been re
stricted to zoo bears or a few captive bears (Coutourier, 
1954; Svilha,etal., 1955;Jacobs, 1957; Youatt and 
Erickson, 1958; Erickson and Youatt, 1961; Hock, 
1966; Seal, etal., 1967). These studies provide a some
what limited understanding of seasonal physiology. Our 
study during 1969 was an attempt to investigate the 
blood chemistry of wild brown bears from April until 
October and relate our findings to bear physiology. This 
blood-chemistry project represents one phase of a 5-year 
ecological study of brown bears in the Yukon undertaken 
by the Canadian Wildlife Service (1964-1969). 

The northern-interior brown bears differ from coastal 
bears in size and food habits. Further, the bears must 

*This report has previously appeared in the Canadian Journal of 
Zoology, Vol. 50, pp. 827-833 (1972), and is reprinted here with 
the permission of the National Research Council of Canada. 
tDepartment of Botany-Zoology, University of Wisconsin Center 
System, Marshfield, Wisconsin, and Marshfield Clinic Foundation 
at time of writing; present address: c/o Peace Corps, P .0. Box 
93, Gaberone, Botswana, South Africa 
tCanadian Wildlife Service, Department of Indian Affairs and 
Northern Development, Edmonton, Alberta 
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cope with climatic extremes different from those in the 
coastal areas. The inland bears are smaller and feed al
most exclusively on the fruits and leaves of willow (Salix 
sp.) and soapberry (Shepherdia canadensis), grasses, and 
the roots of Hedysarum alpinum (Pearson, 1966). The 
turbidity of glacial rivers precludes the catching of fish 
by bears. Animal protein is, therefore, an incidental 
dietary item. Because of seasonal restrictions in plant 
food, most brown-bear growth occurs between August 1 
and September 15 (Pearson, unpubl.). During the 
dormant season, October to April, the bears may lose as 
much as 40% of body weight (Pearson, unpubl.). 
Since the habits of the northern-interior brown bear are 
similar to those of bears in other geograp~ical areas, we 
hope that our data will eventually be related to other 
populations of bears currently being studied. 

Also reported are the blood chemistries of four black 
bears captured during the study. 

Materials and Methods 

Two methods of live capture were employed during the 
1969 field season. Bears captured in April, May, and 
October were located by helicopter, pursued, and shot 
with a tranquilizer delivered by a 0.22-powered Cap
Chur® rifle (Palmer Chemical Co.). During June, July, 
and August, animals were captured in foot traps set 
around bait stations (Pearson, 1966). 

Phencyclidine hydrochloride (Sernylan®, Parke-Oavis), 
at approximately 0.8 mg/lb of estimated body weight, 
was used to tranquilize the bears. I Pearson, et al. (1968) 
and Seal and Erickson (1969) have described the use of 
these immobilizing drugs. 

Blood was drawn from the femoral artery or vein into 
three different Vacutainer® vials (Beckton, Dickinson, 
and Co.), containing either heparin, sodium fluoride plus 
sodium oxalate, or no additive. At our field camp, blood 
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plasma and serum were removed by centrifugation, placed 
in capped plastic vials, and frozen. At the close of the 
field season the frozen samples were packed in dry ice 
and shipped by air to the University of Wisconsin, Marsh
field, Wisconsin, for the following quantitative studies: 

(1) blood glucose (Glu.) assayed in fluoride-treated plasma 
by the ferricyanide reduction technique (Henry, 1964); 
(2) creatinine (Cre.) assayed with heparin-treated plasma ac
cording to the Jaffe reaction (Henry, 1964); 
(3) plasma sodium (Na) and potassium (K) measured follow
ing the procedural manual for the emission flame photom
eter (In strumentation Laboratory, Boston) , and chloride 
(Cl) assayed with the Buchler-Cotlove chloridometer using 
their instructions; 
(4) serum albumin (Alb.) determined by electrophoresis 
using cellulose polyacetate strips (Sepraphore III®, Gelman 
Co.) according to techniques outlined by the Gelman 
Company; and 
(5) serum calcium (Ca), inorganic phosphorus (P), blood 
urea nitrogen (BUN), uric acid (UA), cholesterol (Cho!.), 
total protein (TP), total bilirubin (T.Bili.), alkaline phos
phatase (AP) , lactic dehydrogenase (LDH), and glutamic
oxaloacetic acid transaminase (SGOT), all determined with 
the Auto-Analyzer® (SMA-12-60, Technicon), a sequential 
multiple analyzer made available by the Marshfield Clinic, 
Marshfield, Wisconsin . 

Ages of the bears, appearing in Tables 1 and 2, were 
determined from annular cementum rings of premolar 
teeth following methods outlined by Mundy and Fuller 
(1964) and Craighead, et al. (1970). 

Statistical treatment of the data followed procedures 
and programs for use with the Olivetti-Underwood 
Programma-101 desk computer. 

Results and Discussion 

A summary of brown-bear blood chemistry, seasonally 
grouped and statistically treated, is presented in Table 1. 
The presence of only one bear in the autumn limited our 
statistical analysis of the data to a comparison between 
spring and summer bears. A t-test was used to explore 
for differences based on sex, and season of the year. 

The only sexual difference noted was in the spring 
uric-acid levels in which males had significantly higher 
values (P = < .025) than females (male X of 2.43 mg%; 
female X of 1.45 mg%). We do not know if this differ
ence continues into the summer as our summer sample 
of female bears was limited to two. We can only speculate 
that uric-acid levels may well differ sexually, as they do 
in humans (Emmerson and Sandilands, 1963). A sea
sonal decrease in uric-acid from spring to summer was 
also noted (Table 1). Since uric acid is cleared from the 
blood plasma by both glomerular flitration and tubular 
secretion (Harper, 1965), the higher spring values for 
uric acid suggest a period of reduced renal function fol
lowing winter dormancy. The spring elevation of uric 
acid may also reflect dietary factors, in particular a con
tinued reliance on bodily fat reserves. Adlersberg and 
Ellenberg (1939) have demonstrated that fat catabolism 
favors the retention of plasma uric acid. Rakestraw 
(1921) has shown that physical activity also elevates 
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plasma uric-acid levels. Therefore, pursuing bears with a 
noisy helicopter (a technique not employed during the 
summer) may introduce suftlcient physical exertion to 
temporarily elevate an animal's uric-acid level. Because 
of seasonal changes in blood-urea nitrogen and creatin
ine (to be discussed later), we feel that diet and physical 
activity are probably secondary to renal function in 
elevating plasma uric-acid levels in the spring. 

Significant seasonal changes were detected for calcium, 
glucose, creatinine, blood urea nitrogen, and potassium 
(Table 1). 

Calcium levels were found to decrease from spring to 
summer in this bear population. Unpublished data from 
U.S. Seal (personal communication, 1971) on both wild 
black bears and polar bears (Ursus maritimus) suggest 
that this seasonal decline may be common in wild bears, 
but not in zoo bears maintained on stable diets. Plants, 
especially grasses, decrease in calcium content from 
spring to summer (Morrison, 1958). Therefore, because 
these bears consume plant materials heavily, it is possible 
that the observed seasonal decreases in blood calcium re
flect the availability of calcium in their diet. A controlled 
nutritional study is necessary to answer this question. 

Plasma glucose varies widely with diet, physical activity, 
environmental conditions, and the time of day (Searcy, 
1969). Since we are unable to assess the effects of these 
factors on blood-glucose levels, we are reluctant to attach 
any specific significance to the increase in blood glucose 
from spring to summer. 

Serum creatinine has been shown to be independent of 
recent diet history and to be a good indicator of renal 
function (Searcy, 1969). Therefore, the decreasing levels 
of creatinine during the spring suggest that the bears 
slowly regain renal function following winter dormancy. 
Compared to the spring creatinine values, the summer 
values are both lower and less variable. Brown, et al. 
(1971) found similarly elevated creatinine values in dor
mant bears; their mean values of 1.3 mg% for bears 
emerging from dormancy and 0.8 mg% for active bears 
compare with our fmdings of 1.4 mg% and 0.7 mg%, 
respectively. Although there was no significant difference 
between spring and summer phosphorus values, the rising 
levels of phosphorus in the spring also suggest a period 
of renal adjustment. 

Since blood urea decreases significantly during dor
mancy (Brown, et al., 1971), it was not surprising to 
detect low blood-urea levels in bears captured early in 
the spring. Both brown bears caught on April 25 and 26 
and the black bear caught on May 5 had blood-urea 
levels similar to dormant bears examined by Brown, et al. 
(1971). Our blood-urea values ranged from 2-9 mg% 
while Brown, et al. report values from 3-13 mg%. Through
out the spring, the blood-urea levels steadily increase and 
exhibit wide variations, possibly as a result of recent diet 
history and renal function. Cohn, et al. (1956) have shown 
that blood urea fluctuates with the ingestion of food, 
reaching a peak about 8 hours after a meal. Some of the 
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Date, Age, Wt., Ca, P, Glu., BUN, Cre., UA, Chol., TP, Alb., T.Bili., AP, LDH, SGOT, Na, K, Cl -< 
0 1969 Sex years Ibs mg% mg% mg% mg% mg% mg% mg% g% g% mg% l.u.a l.U. l.U. mEq /1 mEq /1 mEq/1 "r:I 

4/25 
...j 

M 12 370 10.7 2.8 5.0 2.3 1.8 303 7.3 4.5 0 .2 18 850 112 143 3.9 106 :I: 
4/26 M 8 233 10.1 4.0 9.0 3.1 4.2 291 7.1 4.0 0.3 27 1030 110 140 3.1 105 to 

5/2 M 9 262 9.5 4.1 106 29.5 1.3 3.5 296 6.7 4.0 0.2 9 975 105 130 4.1 89 0:1 
::<J 

S 5/3 F 6 162 10.4 3.7 104 13 .0 1.4 1.1 275 7.3 4.3 0.3 19 800 79 139 3.9 102 0 
P 515 F 11 196 11.0 4.0 95 28.0 1.6 1.8 254 8.2 5.2 0.3 12 1400 113 146 3.7 107 ~ R 5/8 F 4 92 11.2 4.5 80 27.0 1.9 1.4 292 6.7 4.0 0.5 9 1185 700 146 4.0 108 
I 5/17 F 8 163 8.5 6.3 31.5 1.7 1.3 340 7.3 4.6 0.3 7 1210 395 140 3.3 102 0:1 

to 
N 5/18 F 6 158 11.2 6.4 117 33.0 0 .9 1.7 260 7.2 3.7 0 .2 24 1100 215 168 4.7 124 )-

G 5/20 M 4 95 10.4 6.3 98 64.0 0 .9 2.1 200 6.4 4 .2 0.15 34 1185 135 152 4.3 103 ::<J 

5/21 M 9 300 10 .9 7.9 111 63.0 0.7 1.8 377 7.7 4 .2 0.1 41 1370 133 145 4 .2 110 
5/21 M 9 330 10.5 4.7 115 37.0 1.1 1.6 256 7.5 4.5 0.3 21 1135 116 147 4.2 105 
5/22 F 8 193 11.0 5.5 122 77.0 1.0 1.4 183 7.0 4.4 0. 1 68 1225 540 145 4.5 105 
5/22 M I 40 10.4 5.9 130 65.5 0.6 2.0 216 6.1 3.1 0 . 15 68 1125 205 145 4.8 III 

Statistics 
Mean 10.4 5.1 108 37.1 1.4 2.0 . 273 7.1 4.2 0 .24 27 1122 228 145 4.1 106 
S.D.b 0.7 1.4 14 22.3 0.7 0.8 52 0.5 0.5 0 . 11 20 169 187 8 0.5 7 
6/27 M 9 300 9.1 3.8 120 11.0 0.8 1.2 293 7.5 4.2 0.2 27 900 320 145 3.8 120 

S 6/30 F 24 225 9.4 3.0 154 28.0 0.9 2.0 281 7.1 4 .0 0.15 28 1300 355 140 4.8 107 
U 7/27 M 5 205 7.7 6.3 109 5.0 0 .7 1.2 309 7.1 3.9 0.3 44 1375 154 140 4 .9 102 
M 7/31 M 12 375 9.1 5.2 118 15.0 0.8 1.1 200 7. I 3.9 0.2 21 2925 c 790" 144 4.1 108 
M 8/11 M 10 285 8.1 4.1 127 19.0 0.7 1.2 202 7.4 4.5 0.15 46 1725 240 141 5.0 103 
E 8/11 M 6 280 7.6 4.8 124 11.0 0.5 0.8 278 7.0 3.9 0 . 1 27 1650 275 138 5.2 108 
R 8/19 M 14 425 8.9 2.6 122 24.0 0.8 1.0 191 6.8 3.6 0.2 26 1175 190 140 4.7 109 

8/28 F 11 260 7.0 3.0 114 14.0 0.6 1.3 248 7.4 4.3 0.2 27 652 273 141 4.9 110 
Statistics 

Mean 8.4 4.1 123 15.9 0.7 1.2 250 7.2 4.0 0.19 31 1254 258 141 4.7 108 
S.D. 0.8 1.2 13 7.0 0 .1 0.3 44 0.2 0.3 0 .05 R 356 65 2 0.4 5 

P (spring vs. summer) < .005 NSd < .025 < .025 < .01 < .01 NS NS NS NS NS NS NS NS < .01 NS 
A 
U 
T 10/20 M 400 8.5 3.1 25.0 1.6 3.2 283 . 7.9 4.2 0.4 48 652 215 143 4.9 114 
U 
M 
N 

-International units. 
bStandard deviation. 
CData excluded from statistics because of hemolysis. 
dNS = not significant. 
NOTE: see Materials and Methods section for explanation of blood components. 
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variations in blood-urea values may therefore reflect re
cently ingested food; unfortunately, we have no way of 
determining which values may have been temporarily 
elevated. Despite this possible dietary elevation of blood 
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urea, our spring values ex = 37.1 mg%2. are significantly 
higher than both our summer values (X = 15.9 mg%) 
and the mean of 13.6 mg% blood urea for active bears 
studied by Brown, et al. (1971). It would appear that 
slowed renal function during the spring (indicated by 
increased creatinine levels) coupled with the reinstate
ment of a varied diet could produce the observed ele
vation in the blood-urca values. 

In terms of renal function, the decreasing creatinine 
and uric-acid levels and the increasing phosphorus and 
blood-urea levels in the spring are consistent with the 
hypothesis that the bears slowly regain renal function 
after winter dormancy and shift from fat metabolism to 
a varied regimen of fat, protein, and carbohydrate. This 
apparently slow process of establishing complete renal 
function does not appear to have been completed by the 
close of our spring sampling period (28 days). Similar 
data from Brown, et al. (1971) suggest that periods of 4 
or 5 weeks may be required to establish complete renal 
function following dormancy. When sampling was re
sumed one month later, creatinine, uric acid, and blood
urea levels were significantly lower, suggesting the 
establishment of complete renal function. Our summer 
means for both creatinine (X = 0.7 mg%) and blood urea 
(X = 15.9 mg%) compare favorably with the means for 
creatinine and blood urea (0.85 mg% and 13.6 mg%, 
respectively) in active bears examined by Brown, et al. 
(1971). 

Of the three main plasma electrolytes (sodium, potas
sium, and chloride), only potassium changed signifi
cantly by increasing from spring to summer. However, 
potassium values similar to those in our summer sample 
have been detected throughout the year in other bears 
(V.S. Seal, personal communication, 1971). Therefore, 
without concurrent changes in the other plasma electro
lytes, we hesitate to suggest seasonal changes in electro
lyte balance . 

Table 2 presents the blood-chemistry results for black 
bears. Although the sample size is small and the statistics 
of limited value, we did compare the black and brown 
bears in the summer using the t-test. Both species appear 
similar in terms of blood constituents, but black bears 
had higher circulating levels of phosphorus, creatinine, 
uric acid, glutamic-oxaloacetic acid transaminase, sodium, 
and chloride. Even with a statistical difference in the 
above components our sample size is too small to suggest 
any meaningful differences. The hypothesis for changes 
in renal function, mentioned earlier for brown bears, 
may tentatively be applied to the data for black bears 
since the spring black bear had both higher levels of 
creatinine and uric acid, and a lower blood-urea level 
compared with summer black bears. 

In terms of interpreting our data, the reader is cau
tioned that, because of the difficulty in capturing bears, our 
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study has been confined to single-point sampling of a 
wild population, and that our seasonal samples have been 
small in numbers. 
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Hematology of the Brown Bear (Ursus arctos) from 

Southwestern Yukon Territory* 

A. M. Pearsont and D. W. Hallorant. 

ABSTRACT. Blood samples from 22 brown bears (Ursus arctos) and 5 black bears (Ursus americanus) were 
examined for erythrocyte count, erytruocyte morphology, erythrocyte diameter, hematocrit, hemoglobin, 
erythrocyte indices, serum iron, total iron-binding capacity, leucocyte count, and leucocyte differential 
count. 

A statistically significant decrease in erythrocyte count and hematocrit and increase in erythrocyte indices 
was found in brown bears from spring to summer. Limited evidence suggests that the spring to summer 
change may be reversed in the fall. 

No differences were apparent between sexes at any season but it was indicated that young bears had lower 
red blood cell concentration, lower hematocrit, and lower hemoglobin concentration than other animals. 

Leucocyte differential counts in the study were similar to those reported for other bears. Anisocytosis 
with numerous spherocytes and burr cells characterized the erythrocytes. 

Serum iron and total iron-binding capacity varied but did not suggest iron-deficiency anemia. 
Hematology results for the black bears were similar to those of brown bears but our small sample did not 

allow an investigation of seasonal changes in the species. 

Introduction 

The brown bear (Ursus arctos) is a species capable of 
living under a wide range of ecological conditions. For 
that reason it once had a wide geographical distribution. 
As the dominant carnivore in the environment, however, 
conflict with the activities of man occurred and it was 
eliminated over much of North America. It remains a 
controversial species still subjected to persecution wher
ever it occurs in conflict with man. Despite this signifi
cant relationship to man, relatively few studies have 
been conducted on the species. For this reason the 
Canadian Wildlife Service initiated an ecological study 
in 1964 of the northern interior brown bear in south
western Yukon Territory. 

The northern interior ecotype of brown bear is ex
posed to relatively harsh conditions. The bears are awake 
for about 6 months of the year and during that period 
feed almost exclusively on vegetable matter (Pearson, 
unpublished). Most of the growth of the animals is 
restricted to the period between August 1 and Sep
tember 15 (Pearson, unpublished). As a result of the 
low qualitative and quantitative character of the 
diet the animals are smaller than their counterparts in 

*This report has previously appeared in the Canadian Journal of 
Zoology, Vol. 50, pp. 279-286 (1972), and is reprinted here with 
the permission of The National Research Council of Canada. 
tCanadian Wildlife Service, Whitehorse, Yukon Territory at time 
of writing; present address: Canadian Wildlife Service, Depart
ment of Indian Affairs and Northern Development, Edmonton, 
Alberta. 
tDepartment of Botany-Zoology, University of Wisconsin Center 
System, Marshfield, Wisconsin, at time of writing; present ad
dress: c/o Peace Corps, P.O. Box 93, Gaberone, Botswana, 
South Africa. 
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more iavorable environments. During the 6-month dor
mant period the bears lose up to 40% of their body 
weight (Pearson, unpublished). 

Studies of the hematology of true hibernators as well 
as animals that remain active all year long, have shown 
seasonal changes in blood values (Svihla, et al., 1953; 
Kitts, et al.,1956; Sealander, 1962, 1964, 1966; Hock, 
1964). Erickson and Y ouatt (1961) showed that season
al variation occurred in the hematology of captive black 
bears. The objective of this present study was to investi
gate seasonal patterns of hematology and blood chemis
try (Halloran and Pearson, in preparation 1 ) in wild 
brown bears. It was also intended to explore differences 
attributable to sex or age. Comparative hematological 
data on natural populations that might serve taxonomic, 
phylogenetic, and physiological purposes is presently 
not available. However, it is hoped that the results of 
this study will eventually be related to populations in 
other geographical areas and ecotypes. Incidental to the 
study of brown bears, a few black bears (Ursus ameri
canus) were captured. The hematological characteristics 
of those animals are also reported. 

Materials and Methods 

Animals used in this study were captured during the 
1969 field season in two ways. In April, May, and Octo
ber bears were located by helicopter, pursued, and shot 
with a tranquilizer delivered by a .22 powered Cap--Chur 
rifle. In the summer months animals were captured in 
foot traps set around bait stations (Pearson, unpublished). 

I This report appeared in the Canadian Journal of Zoology, Vol. 
50, pp. 827-833 (1972), and is reprinted in the present volume. 
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Phencyclidine hydrochloride (Sernylan, Parke-Davis) 
was used to tranquilize the animals. Pearson, et al. (1968) 
described dosages used for animals caught in foot traps 
during the summer. Slightly higher dosages were required 
for animals shot from the helicopter, except in the very 
early spring immediately after arousal when they ap
peared very susceptible to the drug. One black bear shot 
in the early spring died from an apparent overdose al
though the preceding year the same animals had been 
tranquilized several times with equal or greater dosages 
of Sernylan. 

Blood was drawn from the femoral vein or artery using 
a disposable 18-gauge needle attached to a 24-in. blood 
collecting tube. · By placing a needle on the free end of 
the tube a second person could fill Vacutainer vials 
(Becton, Dickinson and Co.) with blood. This technique 
allowed one person to control the position of the needle 
in the blood vessel while the second person concentrated 
on fllling the vials. The following collection was made 
from each animals. 

No. of 
tubes Size Additive Use 

1 10 ml Sodium heparin Plasma removed for 
blood chemistry 

1 10 ml Sodium fluoride Plasma removed for 
Sodium oxalate blood glucose 

2 10 ml Disoditim EDT A Hematology tests 
( ethylenedia-
mine tetraacetic 
acid) 

3 10 ml None Serum removed for 
blood chemistry 

1 150 ml Sodium heparin Plasma removed for 
(plasma blood chemistry 
bottle) 

In the spring and fall blood samples were analyzed at 
the Experimental Farm of the Department of Agricul
ture at Mile 1019, Alaska Highway. During the summer 
the operation was moved to the field camp on the west 
side of the Dezadeash River about two miles above the 
confluence of that river and the Kaskawulsh River. A 
gasoline generator provided power to illuminate the 
microscope and operate the centrifuges. The following 
tests and procedures were completed in the field. 

(1) Erythrocyte counts (RBC) and leucocyte counts (WBC) 
were determined using EDTA-treated blood diluted in Uno
pettes (Becton, Dickinson) and counted in a hemacytometer. 
Standard techniques described by Miale (1962) were followed. 
(2) Microhematocrits (Het.) were determined using EDTA
treated blood drawn into capillary tubes and spun for 5 min 
at 8500 rpm in an Adams Readacrit centrifuge. Directions 
supplied by the manufacturer (Clay-Adams) were followed. 
(3) Hemoglobin (Hb.) values were calculated using a battery
operated colorimeter (Hb meter, American Optical) following 
directions supplied by the manufacturer. 
(4) Blood smears were prepared, fIxed, and treated with 
Wright's stain in the fIeld according to procedures outlined 
in Miale (1962). 
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(5) Blood serum and plasma were removed by centrifugation 
at approximate ly 3000 rpm for 15 min in an Adams Safe
guard Angle-Head centrifuge (Clay-Adams) . The samples, in 
capped plastic vials, were refrigerated until studied. 
(6) Calculation of mean corpuscular volume (MCV), mean 
corpuscular hemoglobin (MCH), and mean corpuscular hemo
globin concentration (MCHC). followed the formulae sug
gested by Wintrobe (1961). 

At the close of the field season, frozen plasma and 
serum samples were packed in dry ice and shipped by air 
to the University of Wisconsin, Marshfield, Wisconsin for 
further study. With assistance from the Marshfield Clinic 
Foundation, the following procedures were completed. 

(1) Leucocyte differential counts and erythrocyte morphol
ogy were determined by microscopic examination of blood 
smears. 
(2) Erythrocyte diameters were determined by measuring 
photographs of cells magnified 2200 diameters using a Leitz 
Wetzlar microscope fItted with a Polaroid 4 X 5 mm pack. 
The accuracy of determining cell diameters from photographs 
was found to be superior to that of an ocular micrometer. 
With a photographic scale of 2.2 mm = 1 micron (ILm) it was 
possible to measure cells with a self-measuring divider and 
group the cells by 0 .5 ILm increments. 
(3) Serum iron (SI) and total iron-binding capacity (TIBC) 
were determined according to Henry, et al. (1958)_ Statistical 
treatment of the data followed procedures and programs for 
use with the Olivetti-Underwood Programma 101 desk com
puter. 

Results and Discussion 

Seasonal variations in brown bears. Table 1 presents 
hematological data on red blood cells, hematocrit, hemo
globin content, and erythrocyte indices for all adult and 
sub adult brown bears handled during the study. The cor
relation coefficient between erythrocite count and he
matocrit was 0.891 (p < 0.005). A similar correlation 
for hematocrit and hemoglobin was 0.946 (p < 0.001). 
The correlations were based on values over the entire 
season. Comparable values were obtained when correla
tion coefficients were computed for similar characteris
tics in zoo bears (p < 0.001 for both) reported by Seal, 
et al. (1967). 

Because the mean and median values for each attribute 
in spring and summer were similar, normal distributions 
were assumed in computing the standard deviations and 
standard error of the means and, subsequently, in com
parisons by the Hest. 

Significant variations between spring and summer were 
recorded in erythrocyte count (t = 2.99;p = <0.01), 
hematocrit (t = 2.14; p = <0.05), mean corpuscular vol
ume (t = 2.41;p = <0.05), mean corpuscular hemoglobin 
(t = 3.54jp = <0.01), and mean corpuscular hemoglobin 
concentration (t = 3.76;p = <0.01); a seasonal change 
in hemoglobin concentration was indicated but not 
significant. As can be seen from Table 1, the erythrocyte 
count, hematocrit, and hemoglobin concentration all de
creased from spring to summer. The erythrocyte indices 
all showed significant increases from spring to summer. 

Indications from the lone bear handled in the autumn 
were that the spring to summer trend is reversed and late 
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TABLE 1. Hematological Values for Brown Bears (Ursus arctos) 

Iron. 
Wt.. RBC, Het., Hb., MCV. MCH, MCHC. Serum mg % 

Date Sex k\! 106 /mm3 0/" g/ Ioo ml ~m3 ~~g % SI TIBC 

Spring 
31 264 302 4 /25- 0 168 6.55 48 15.0 73 23 

4/26 0 106 9.25 63 20.0 68 22 32 
5/2 0 119 6.00 46 15.0 70 23 33 175 304 
5/3- <i? 74 6.95 51 15 .5 73 22 31 255 356 
5/5- <i? 89 7.81 55 18 .0 70 23 33 
5/8- <i? 42 7.69 50 16.5 65 21 33 
5/17- <i? 74 8.27 55 16.0 66 19 29 211 377 
5/ 18 <i? 72 5.95 42 14.0 70 24 34 415 520 
5/20' 0 43 6.80 42 14.0 62 21 33 289 385 
5/21 <5 136 7.20 49 16 .5 67 23 33 349 505 
5/21 0 150 6.76 45 15.5 67 23 34 253 418 
5/22" <i? 88 6.05 44 14.5 72 24 33 387 541 

Mean and S.D. 7.16±.914 49±6.0 15.9±1.66 69±3.2 22± 1.4 32± 1.4 
Summer 

6/27 0 136 7.28 45 15.5 62 21 34 119 454 
6/30 <i? 102 6.76 45 15.5 67 23 34 
7/27 0 93 6.29 45 15.5 72 25 34 
7/31 0 170 5.18 44 14.5 84 28 33 
8/11 .3 129 5.47 41 14 .0 74 26 35 
8/11 0 127 5.30 42 14.0 78 26 34 
8/19 0 193 5.76 44 15.0 76 26 34 255 500 
8/28 <i? 118 5.67 48 16 .0 85 28 33 

Mean and S.D. 5.96± .698 44±2.2 15 .0±.71 75±7.2 25±2.2 34±.33 

Autumn 
approx. 

10 /20 .3 181 8.45 55.5 18 .8 66 22 30 

-Bears just out of den. 
NOTE: RBC = red blood cells; Het. = hematocrit; Hb. = hemoglobin; MCV = mean corpuscular volume; MCH = mean corruscular 

hemoglobin; MCHC = mean corpuscular hemoglobin concentration; SI = serum iron; TIBC = total iron-binding capaciry . 

autumn values are similar to those found in early spring 
(Table 1). 

Seasonal information on bear hematologic variables is 
limited. Seal, et al. (1967) noted a decrease in hematocrit 
of zoo black bears from April to November. However, it 
was paralleled by an increase in total erythrocytes re
sulting in a seasonal decline in the mean corpuscular 
volume. A similar seasonal shift in the mean corpuscular 
volume has been described by Erickson and Y ouatt (1961) 
for a group of four captive black bears. Thus, by the fall, 
black bears appear to have smaller erythrocytes contain
ing less hemoglobin by weight, but the cells are more 
numerous. The seasonal change in zoo brown bears ex
amined by Seal, et al. (1967) showed only slight changes 
in the same variables, but the changes parallel those 
found in black bears. Further, zoo brown bears had 

- 6 3 
fewer erythrocytes [~ = (6.07 X 10 )/mm 1 but_ 
greater hematocrits (X = 56%) and hemoglobins (X = 
19.4 g/100 ml) in April than had wild brown bears in 
Yukon. 

Our study suggests a different pattern of seasonal 
changes in brown bears. The decrease in total erythro
cytes, hemoglobin, and hematocrit coupled with an in
crease in the erythrocyte indices suggests that from April 
to August erythrocytes are replaced by larger, less numer
ous cells containing more hemoglobin both by weight 
and by percentage. 

Stress, dehydration, drugs, and erythrocyte size may 
all contribute to those seasonal differences. Stress and 

muscular activity have been mentioned by numerous 
workers as affecting hematological values in humans 
(Miale, 1962), sheep (Thomson, et al., 1946; Hodgetts, 
1961), cattle (Gartner, et al., 1965) and caribou (Mc
Ewan and Whitehead, 1969). It is difficult to assess the 
role of stress in the present study. Certainly, pursuing a 
bear with a noisy helicopter is both frightening and 
physically exhausting to the bear. The degree to which a 
trapped bear destroys vegetation around a trap site in
dicates that many hours of physical activity precede 
immobilization and subsequent release. It is impossible 
to say whether one method of capture introduces more 
stress than the other, or if the stress is uniform through
out the season. 

Dehydration during winter dormancy (mid-October to 
mid-April) probably plays a role in hemoconcentration. 
Erickson and Youatt (1961) mentioned an increase in 
hemoglobin, hematocrit, and erythrocyte count in black 
bears during winter. If the seasonal decline in erythro
cyte count and hematocrit is due simply to recovery 
from winter dehydration, one would expect the season
al change to be rapid because abundant water is available 
in the spring. Table 1 presents data on bears that had just 
left their dens in spring. The other bears in the spring 
group had been out for a week or more. A t-test was 
employed to examine the difference between the means 
for erythrocyte count, hematocrit, and hemoglobin in 
the two groups. For each variable, there was no statistical 
difference (all p > 0.50). Also the bear sampled in mid
October was still actively consuming food and water, a 

l 
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Fig. 1. Distribution of erythrocyte diameters in spring and sum· 
mer grizzly bears (n spring = 436 = solid line; n summer = 643 = 

dashed line). 

condition not usually associated with dehydration, yet 
the RBC concentration had already increased in that in
dividual. The above evidence would indicate that the 
seasonal change in erythrocyte count and hematocrit is 
not a simple case of hydration but a process involving 
specific hematologic changes. 

Some anesthetics increase the concentration of circula· 
ting red blood cells (Hock, 1964) but since the same 
tranquilizing agent was used in spring, summer, and fall 
this factor could not have influenced the seasonal differ
ences observed. 

Another characteristic showing seasonal change was 
erythrocyte size. Figure 1 illustrates the distribution of 
erythrocyte diameter in spring and summer bears. The 
difference between the spring mean of 6.2 p.m and the 
summer mean of 7.2 p.m was statistically significant. The 
probability of both groups of cells belonging to the same 
population was less than 0.00l. 

If the one October individual is characteristic of the 
population in the fall it would appear that as the period 
of winter dormancy approaches, the number of erythro
cytes is increased as is the total hemoglobin content, but 
the new erythrocytes are smaller and individually contain 
less hemoglobin than those they replace. Hock (1964) 
found an increase in erythrocyte number and total hemo
globin concentration in hibernating groun..!. squirrels. Sea
lander (1962) described a similar occurrer ;e in five 
species of rodents but did not find signific lOt differences 

L ____ _ 
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in northern red-backed mice (Clethrionomys rutilus 
dawsoni) (Sealander, 1966). The lack of change in red
backed mice he considered to be a reflection of the 
relatively stable microenvironment used by the species. 
The brown bear certainly exists in a relatively stable 
microenvironment during the winter months but still 
showed changes in hematological values that would 
facilitate oxygen exchange, that is, more erythrocytes of 
smaller size having larger total surface area. The adaptive 
value of this characteristic is not readily eviden t, es
pecially when Folk, et al. (1967) and Hock (1960) have 
shown respectively markedly reduced heart rate and 
oxygen consumption in bears during winter dormancy. 

Erythrocyte and leucocyte morphology in brown 
bears. Erythrocyte morphology varied. Anisocytosis 
(Fig. 2) was observed in all blood smears. The range of 
erythrocyte diameters for the Yukon sample was 4.5 to 
8.5 p.m (Fig. 1). Couturier (1954, pp. 71-72) reported a 
range for the European brown bear (Ursus arctos) of 5.8 
to 10.2 p.m for a male and 5.1 to 8.5 p.m for a female. 
In the black bear, Svilha, et al. (1955) reported a range of 
5.1 to 7.6 p.m. Burr cells and spherocytes were numerous 
on most slides throughout the season. Miale (1962) pre
sents a discussion on the various anemias associated with 
anisocytosis, burr cells, and spherocytes. However, our 
values for serum iron and total iron-binding capacity 

Fig. 2. Anisocytosis, burr cells, and spherocytes in brown bear 
blood. (Wright's stain X 2200) 
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TABLE 2. Circulating Leucocytes and Differential Counts of Blood of Brown Bears 

WBC differential count, % 
Wt., WBC, ------

Date Sex kg 103 /mm3 Band Seg. Eos. Baso. Lymph. Mono. 

4 /25 rJ 168 10.2 10 68 0 0 16 6 
4 /26 rJ 106 7.1 0 76 0 0 20 4 
5/2 rJ 119 7.4· 0 28 0 0 60 12 
5/3 ~ 74 7.4 8 60 0 2 24 6 
5/5 ~ 89 9.2 1 73 0 0 19 7 
5/8 ~ 42 6.2 8 70 1 0 20 1 
5/17 ~ 74 9.8 0 89 0 0 7 4 
5/18 ~ 72 10.6 0 86 0 0 10 4 
5/20 rJ 43 10.5 4 76 0 0 20 0 
5/21 rJ 136 24.6· 8 69 0 6 12 5 
5/21 rJ 150 11.2 poor stain 
5/22 ~ 88 7.9 poor stain 
Mean 10.2 4 69 0 1 20 6 
6/27 rJ 136 29.2· 7 81 0 0 5 7 
6/30 ~ 102 14.8 6 86 0 0 6 2 
7/27 rJ 93 17 .8 2 83 0 0 9 6 
7/31 rJ 170 52.6· 8 78 0 0 12 2 
8/11 rJ 129 23.4· 13 73 0 1 9 4 
8/1l rJ 127 5 71 0 1 19 4 
8/19 rJ 193 24.9· 4 91 0 0 2 3 
8/28 ~ 118 24.5 no slide 
Mean 26.7 7 80 0 0 9 4 

10/20 rJ 
approx. 

181 10.5 
°Bears with known infections. 
NOTE: Band = immature neutrophil; Sea. = segmented neutrophil; Eos. = eosinopi>il; Baoo. = basophil; Lymph. ~ Iymphocyte; Mono. 

= monocyte. 

(Table 1) do not suggest iron deficiency. Increased os
motic fragility is a characteristic of spherocytes (Miale, 
1962) . When bear blood was diluted in 0.85% NaCI for 
determining erythrocyte numbers, crenation was noted 
in most preparations. This would be expected if erythro
cytes were spherical and less tolerant of osmotic changes. 

An increase in circulating leucocytes from spring to fall 
has been documented by Seal, et al. (1967) and Erickson 
and Youatt (1961). As seen from Table 2 our data sug
gest a similar increase. However, half of the animals in 
the summer sample had infected, draining, puncture 
wounds on their faces and flanks from fighting with 
other bears, so our seasonal increase in leucocytes is 
greater than expected. 

Leucocyte differential counts are similar to those for 
brown and black bears reported by Hock (1966). Neu
trophilic leucocytosis appeared in the summer sample 
and was accompanied by an increase in immature neu
trophilic leucocytes (bands). This "leftward" shift is 
probably associated with the summer infections men
tioned above. Eosinophilia is often associated with par
asitic infections (Miale, 1962). The lack of eosinophils 
(eos) in our sample suggests that the level of endopara
sites in these bears cannot be considered pathogenic. 

Sex and age difference in brown bears. There were no 
significant differences found in any of the blood char
acteristics between sexes. A similar situation was found 
in redbacked mice (Sealander, 1966) and other small 
mammals (Sealander, 1964). 

During the study blood was collected from one young 
brown bear. It was approximately 16 months old and 

still in the company of the sow. Young brown bears 
separate from the sow at 29 months in the area under 
study. The erythrocyte count, hematocrit, and hemo
globin concentration of the blood from the yearling was 
much lower than from older animals. Values were 
(4.50 X 106 )/mm3 , 34 ml/100 ml, and 12.0 g/100 ml, 
respectively. Erythrocyte indices, however, were not 
radically different from older animals (MCV = 76; 
MCH = 27; MCHC = 35). The white blood cells count 
was (4.50 X 103 )/mm 3. Kitts, et al. (1956) reported 
significantly lower hematocrit and hemoglobin con
centration values in young Columbian black-tailed deer 
(Odocoi/eus hemionus columbianus) . The values for the 
same two characteristics presented by Hock (1966) for 
young black bears appear lower than those recorded for 
adults (Erickson and Youatt, 1961; present study). 
However, variation in working conditions, techniques, 
and status of the animals perhaps influences a d~rect 
comparison of the data. Seal, et al. (1967) found lower 
hemoglobins, hematocrits, and lower RBC's in cubs 
several months to 1.5 years old than in adults of Ursus 
arctos. 

Black bears. For comparative purposes the hematolog
ic findings in five black bears are summarized in Table 
3. The samples are from late spring and early summer. 
Results are comparable to the spring findings in the 
brown bear (Tables 1 and 2). The small sample precludes 
a discussion of possible seasonal trends. The morphology 
of the erythrocytes was similar to that of the brown 
bear with anisocytosis, burr cells, and spherocytes being 
presen~. The leucocyte differential count was not unlike 
that of the brown bear. 

1 
I 
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APPENDIX TO VOLUME 4 

Map of Landforms of the Chitistone Pass and 
Sko lai P ass. A rea, A lask a 

Thomas R. Detwyler* and Anthony L. Redente* 

The mountainous region around Chitistone and Skolai 
Passes is sculptured by a variety of geomorphic pro
cesses. The resultant landforms were mapped, as part of 
the High Mountain Environment Project, from air 
photos and extensive field checks (Plate 3).1 

Preliminary mapping of landforms was done on V.S. 
Geological Survey aerial photographs taken in 1957 
(10760,10762, 10764, 11850, 11852, 12297, 12298, 
12299). To qualify for mapping, the minimum width of 
an area had to be 450 ft (137 m). Following the prelimi
nary mapping, refinements in boundaries and category 
definitions were made, based on field observations. 

Twelve geomorphic units or landform types were 
recognized: 

1. Icefields and Glaciers. Permanent ice fields and active 
glacial ice, either exposed or covered by a surface layer 
of rock debris (superglacial moraine); the latter is sub· 
categorized as la. 
2. Moraines. Rock debris deposited by glaciers as cnd, 
lateral, or ground moraine; may be underlain by inactive 
ice (ice·cored moraine). 
3. Areas of Glacial Scour. Areas of outcropping bedrock 
which have been eroded by glaciers during Neoglacial times; 
glacial drift is lacking, patchy, or thin. Outer boundaries are 
often clearly demarcated on aerial photographs and in the 
field by a vegetation "trim line" beyond which the plant 
cover is much more dense. (The same characteristic, how
ever, also helps delimit the areas of glacial deposition, or 
moraine of Category 2.) 
4. Rock Glaciers. A currently moving, or recently moving, 
tongue of rock debris without ex posed ice at the surface. 

*Department of Geography, University of Michigan, Ann 
Arbor 
1 Plate 3 is a folded map inside the back cover of this volume. 

5. Steep Bedrock Slopes. Areas of erosion and removal of 
debris by gravity where slopes usually exceed angle of repose 
of debris ; surrcial debris present locally. Includes cirque 
walls and rock escarpments. Slopes actively undercut by 
streams not included (Category 8). 
6. Areas of Deposition by Mass Movement. Areas mantled 
by debris transported primarily by gravity from higher 
adjacent areas. Debris presumably deposited by several 
processes unless subcategorized as (a) tal us slopes (fans and 
aprons) or (b) debris from landslides or flows. 
7. Taluvial and Alluvial Slopes. Fans or aprons formed of 
coalescent fans, of both talus and alluvium or of alluvium 
only (Sub categories a and b). The material comprising 
taluvial slopes is transported and deposited by both gravity 
and streams. Talus (particles moved by gravity) is most 
abundant on upper, steeper parts of taluvial slopes, which 
usually are bordered above by steep bedrock slopes (Category 
5). Alluvium (particles transported by streams) is more 
common on lower and less steep parts of the fan. In the 
Chitistone Pass region talus and alluvium gradually inter
grade on the slopes and therefore are not differentiated 
except where alluviation clearly predominates the whole 
slope. Subcategories: (a) active alluvial fans; (b) alluvial 
fan terraces. 
8. Steep Slopes Undercut by Streams. Unstable slopes of 
bedrock or surficial deposits whose steepness is presumably 
maintained by erosion at the base by undercutting streams. 
This category overlaps others, for example Categories 5 and 7. 
9. Flood Plain Deposits. Nearly level areas of alluvium that 
is periodically reworked by flooding and lateral migration of 
streams. Flood plain deposits are recognizable on aerial 
photographs and in the field by their position near streams, 
low elevations above streams, and general sparseness of 
vegetation resulting from reworking. 
10. Fluvial Terraces. Nearly level areas of alluvium or lake 
deposits above the elevation of present flood-plain deposits; 
no longer reworked by flooding and channel migration. 
Usually bordered by escarpment. Terraces of alluvial fans 
not included. 
11. A reas of Residual Debris. Areas of moderate or gentle 
slope dominated by in situ weathering and local movement 
of debris. Within these areas runoff, creep, and solifluction 
cause muted, hummocky, relief; bedrock knobs protrude. 
12. Surface Water. Lakes and streams. 
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