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Y ABITRACT

""'fﬁe'lnvesflgaflons -over the years 1971-74 on the Juneau lcefield, Alaska (the
Taku District) and in the Atiin, B.C. region. Significant advantage has been gained by
the availability of field data from the Juneau lcefield Research Program since 1946.
Aith our aim the clarification of the process factor in arctic and moun’ 'n +errains,
emphasis is on glacial, glacio-fluvial and periglecial landforms. Because the effecti-
veness of process stress is controlled by geologlc structure and time, and because this
stress represents a force which combines mass and acceleration, the totu! mass/energy
continuum has to be considered. In this,attention is paid to energy distribution In
the system and to Its changes...i.e., the entropy of the terrain being ~tudied. The
analyses are made from data in the disciplines of climatclogy, glaciol ¢, hydrology,
geophysics, continuum mechanics and periglacial and glacial geology.

The Juneau lcefield serves as a continental divide, west of whick re 60 miles (10
km) of drainage to the Paclfic Ocean. This is compared to 2300 miles 1800 km) of In- i
land drainage northward down the Yukon River to the Bering Sea. The proximity of the i
Gulf of Alaska results in high-intensity coastal storms which bring much moisture and :
energy into the system. This research, therefore, has glacio-climatol - ,ical emphasis. i

Data from 14 meteorological statlons are analyzed along a 200-mi}| transect be- i
+ween Juneau, Alaska and Whitehorse, Yukon. A gradient of continentality is revealed, ‘
with a "sun-1lne"” Identified in a transttional zone 10 miles (16 kms) northeast of the
ice divide. Between here and the coast, high humidity prevalls, with excessive summer
melting on the Alaskan ndvéds, producing riiled and sun-cupped surfaces altemately des-
troyed and re-formed by rain and sun. Inland, evaporation adds to ablation and pro-
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duces highly roughened surfaces. Below the névd-line, meit-water flows by supraglacial
streams into moullns ind moves ty intra-granular permeation inio englacial channels.

Ailied with the continentality gradient Is a rise in ndvé-lines, which are 2000
feet (650 m) higher on the continental flank. Since 1945, these have varied as much as
1000 feet (300 m). Regional cirque and berm ievels and tank and tor topography are in-
vestigatec regarding tormer glaciation iimits anc Plelstocene ndvé-lines. A 9-fold cirque
system In the Taku District compares to 5 levels in the Atlin area, corroborating that
glacial processes on the csastal flank far exceed those iniand. The continental sector,
however, has experlenced stronger development of perigiacial features (palsas, patterned
ground and rock giacliers) during the Wisconsinan, Permafrost is still common above
5500 feet (1700 m),

Qur glaciological research emphasizes mass balance and the deformation of ice masses
such as the Lemon and Catheiral Glacie s which, in this study, are coastal and inland
prototypes. Flrn stratigrephy shows a lowering of maximum accumuiation levels in the
past 15 years...from up to 7000 feet (2100 m) in the 1940's and 50's down to 3000 feet
(300m) in the 1960's and 70's. The data veri®y that with warming phases there Is a
coastward shift in the Arctic Front colncident with upward migration of transient snow-
lines. Measured mass balances corroborate climatic trends in the regional meteorological
records at Juneau and Whitehorse over the years 1907-1974,

Glacier regimes are also evaluated with respect to Little Ice Age and Neoglacial
histories. Lichenometric and palynological methods have been fruitful, assisted by
isotope dating of organics in bogs and till-buried Intra-giacial forests. The regional
glacial landfoem sequence provides a Quaternary chronology. In this, the observed minor
cycles, involving 20- to 30-year and B0 to 9«ear shifts in storm paths, are found to
manifest the nature of much larger displacements in the mean position of cyclonic storm
centers during the Holocene. During periods of cooling, the circumpolar vortex retracts
and storm paths move inland. With this shift in peripheral storms, there is a change
to southwesterly winds bringing added moisture Inland from the Pacific.

A relationship between glacier fluctuations and long-term mean positions of the
dominant North American tropospheric ridge seems to be coincident with a 45-year cooling
trend (90-year cycie) expected to bottom out about 2000 A.D. The solar control mechanism
is examined with consideration given to zonal index changes in the circumpolar vortex.
intensity of the coniiner "allty gradient appears to vary as changes in pressure take
place in the tropospheri. westeriies, apparently in response to variations in electro-
magretic and corpuscular radlation. Additional proof of this indicated correlation
will be sought In our continuing research, The important controls of elevation and
gecgraphic position have aiso been recognized in Interpreting changes in glacier regimes
and thelr hydrological consequence.

The evolution of lesser terrain features, such as self-spilling lakes, giacier
caves, fluted channels, wave bulges, ogives, firn folds, bedrock thresholds and phenomena
assoclated with avalanches and Jokulhlaups are also discussed. Much is preliminary to
further investigations in this region which, by its unique geographical location, is so !
sensitive to the process factor. But even in the incomplete aspects of this study, the
self-regulation of natural systems constantly striving for a more even distribution of
energy is well Illustrated. Overall this terrain must remaln in high reliet because of
the combined endogenetic and exogenetic processes involved. The Interplay includes not
cnly subaerial stresses connected with ciimate, but crustal deformations in an earth-
quake belt which remains in disequlilbrium and at a iow entropy level. The resulting
Iimbalances Ir landscape are dynamic, because structural controls and incessantiy strong
energy inputs, both periodic and aperiodic, produce all the characteristics of a most
probable state, )

These Investigations iilustrate fundamental principles of terrain evolution. The
principles involved not only are imporant in this part of the sub-arctic but also in
regions of the high arctic of North America where so much developmental activity is
now centered.
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PART | INTRODUCTION AAD OVERVIEW

| The investigations re orted here are pari d the Juneau lcefield Research Program

: (JIRP) which since its inception In [946 has aimed at a long-range total environ-

ment study of the fifth largest icefield in North America (Fig. |1). The glaciers

in this reglon |ia between 58° and 60° N Latitude and so technically may be referred

to as Sub-Arctic. But as every 1000 faet (330 m) of elevation rise in the Alaska-

Boundary Range is climatologicaily equivalent to pushing the ciimate 300 miles

north, at the ndvd crest of the Juneau Icefield (ca. 800C ft, 2424 m) climatic

confitions are high Arctic in character..i.e., even in summer beinq essentialiy

Pol..r. Because of th!s elevation range, the larger luneau lcefiela glaciers are

thermo-physically polythermal (Miller, 197%), Thus they are a mest sensitive

indicator o* long-term cliratic change (Lawrence, 1950; Milter, 19642) Furthe~ore,

the Juneau lcefield, situated as it is In the interaction zone between cyclonic

arg ant! -cyclonic pressure cells at the northemedge of the Guif of Alaska, is

; uniquely sensitive both to snort-term and secular ciimatic trends and, hence, serves

! as a global protntype for long-period studies of glacler and snow-coveied ragimes
(Smithsonian Sclence Project abstracts). Some of the long-term aspects of the JIRP

study are now in their 30th ccnsecutive year (Fleld and Miiler, 1951).

fe e e ——.

Tris report conczrns Investigations conducted during the summers of 1971, 1972 and
13973, as supported by grants to the Foundation for Glacier and Environmental Re-
search from the U.S. Army Research Office-Durham (Grant Numbers: DA-ARO-D-3I1-
124-71-G120; DA-ARC~D-31-124-72-G193; DA~-ARO-D-31-124-73-GI85).

Pyrpose and Scope of the Research

T.e basic aim of the /r-my Research Office supoort hes been to assisi those aspects
of the JIRP activit, which involve Investigation of mountain and arctic terrains :
on the Juneau lcefield and its peripheral maritime and continental regions, with )
emphacic on snow and ice regimes and the effects on these regimes of orographical Lo
a~q clirztologica: factors. |In this report, special attention is given to seaso-al i
anc¢ longer-term regimes relating to factors or climatic change and tc the geo- )

{
‘ graphicai and geological asrects of elevaiion and of the associated maritime and '
' continental environments,

Tnus, a key purpose of the fieid work has been to obtain a systematic series of en-
vironmental ly related measurements in the glaciological sectors of the Juneau lce-

field south and west of the Alaskan border and in the adjoining non-glacierized )
sectors of the Atlin Lake region in northern British Columbia and the Yukon Terri- '
tory. These measurements concern the eatcit und configuration of the icefield sur-

face and its glaciological characteristics as they affect tme nature of this ter-

rain. The practical relationship of glacial and periglacial topography and sub-

surface structure to the tra‘ficability of tracked vehicles and to ski and foot

travel In remote mountain and Arctic regions is important to know. But through in-
vestigation of this cl'matically sensitive region, a deeper purpose is revealed...

i.e., to determine more precisely the relationship of terrain changes to broader

climgtic trends. This includes incorporating relevant informaiion from other Arctic

regions concernirg the intensity, depth and character of permafrost and the summer

"active zones", and the volume and aerial variation of Jiift Ice and pack-ice In

Arctic waters, the latter being equally sensitive Indicators of short-term climatic
trends.
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The scope of this study thus involves the ‘ntertwining of meteorology, glzciology and
surveying and photogrammetry at a network of fleld stations which are sligned on a
transect across the Juneau lcefleld from the maritime coast of the Boundary Range to
the dry interior of its flanking continental region (Fig. Z). The investigational
scope also embraces hydrological, geophysical and continuum mechanics studies at
selected sites where measurements of englacial change can be made in refation to
both seasonal and annual climatic perterbations and to the morphogenesis of snow

and ice features. Also to be considered in this report is the work done on glacler
terminal behavior patterns during Neoglacial time, on Pleistocene terrain features
and landforms and finally In the chronology of the Quaternary pertaining to this
region with emphasis on the Holocene,

Emphasis on Process Intensity and Terrain Evaluation

An underlying concern in these studies is on the process factor in the landform
equation stated with terrain as a function of the geologic material involved (e.g.,
snow, ice or rermafrost) plus the etfects of process type and !ntensity through
time. In this the following process oriented research has been conducted: (1)
synoptic regional meteorology; (2) local glacio~-climatology; (3) glacio-hydrology
inciuding the study of ice-impounded water bodies and their sudden break outs or
hydrological surges (Jokuhihaups); (4) study of the causes of moat formation on
glacier margins; (5) gaging of out-flow In glacial streams; (6) water-stage
recording of the changing surface levels of pro-glacial lakes; (7) exploration
and mapping of glacier caves as hydrological reservoirs; (8) Iinvestigation of ice
avalanches; (9) recording of glacier micro~seisms using portable seismographs;
(10) key surveys of surface ice movement on across-glacier and longitudinal
profiles; (11) structural glaciological studies and their relationship to surface
forms; (12) surface snow-cup and rougtness studies; (13) research on englacial
temperature characteristics and allied diagenctic ice development; (14) review

ot patterns of glacier terminal fluctuations In +he area; (15) research on the
piocesses of palsa development in periglacial sivuctions; (16) a long=-term

survey of rock glacier flow and allied surface terraces; and (17) study of the
morphogenetic chronology of key geomorphic terrain features of erosional and
depositional form and their structura! and lithologic controls. This Includes such
major terrain features as tander clirques, berm sequences, esker conmplexes and crevasse-
fillings and moraine patterns,

Another phase of the program is the investigation by geophysical and surveying
techniques of the mechanics and causes of periodic glacier variations, a study closely
allied to eariier research efforts of JIRP. Thig includes thelr relation to secular
climatic trends and the differentiation of ar -malous ice pulsations apparently re-
lated to dynamic instabilities which develop in glacier systems when their self-
regulating capabilities exceed the boundary |imits imposed by load and temperature !
parameters in the system. Part of this concerns the relationship to changing snow-
pack thicknesses and snow-cover extent and the accumulation characteristics of
mountaln néveés.™ In a broader context, it relates as well to thickness and area
changes of arctic sea ice In consequenco of global climatic trends. The specific
investigatinns conducted in 1971 through 1973 Include interpretive study of short- !
term changes on several representative glaciers of the Juneau lcefield region and
the study of longer-term snowfall and ablation changes affecting the upper nourish-
mant : urfaces cf these prototype glaciers.

* Névé with an areal connotation, as the permanent snow-fieid (firn-field) accumu-
iation area as limited by the névd-.ine late in the summer,
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f : Sixteen specific glaciers were the loci of process studies. These include the

‘ . Ptarmigan, Lemon, Mendenhall, Herbert, Taku, Hole~in-Wall, East and West Twin, the
i Vaughan Lewis, Gilkey, Bucher, Talsekwe, Llewellyn, Williston, Hoboe and Cathedral
Glaciers. Permanent research station faclllties exist on the Lemon-Ptarmigan
Glacler system and on the Taku, L'awellyn, upper Bucher and Cathedral Glaclers,
with the result that greatest attention was concentrate In these areas. Of these
ice masses, the Taku and Hole-inWall Glaclers are advancing (as they have since
1894), the Lemon-Ptarmigan Glacier system is close to equilibrium, and the rest

, are slowly down-wasting and In a state of very graduai terminal retreat, several

! of which have recently approached equillbrivu: positions in their terminal zones.

; The relative locations of these glaciers are noted in Figure |.

i For purposes of this research, a network of 1|3 synoptic meteorological field sta-
i tions and ablation sites were established. These range from low-level to high
maritime conditions on the coastward flank of the icefleld and from high-leve! to
; intermediate-level conditions on the continental interior of the Alaska-Canada

- Boundary Range. Concurrently, the regional research has proceeded on rock

b glacler development and on frost-processes affecting selected high-elevation fea-
t tures at periglacial sites in zones of both sporadic and permanent permafrost.

.I An Extension of Previous Studies

! In the current program, new procedures have been invoked to extend the scope of
previous JIRP investigations along more classical lines. These include the appli-
j cation of IR and Distomat distance measuring equipment in the regional and glacier
| surveys, the application of wire-embedded strain gages for micro-strain measurements 1
of ice deformation and flow, the use of gravity meter equipment for the detection

of "glacier tides", use of portable seismic gear for records of glacier micro- T
seisms, the automation of some of our fleld weather stations with long-running

; recording units, the establishment of 24-hour watches on avalanche periodicities, o
i the application of electrical resistivity methodology in the delineation of giacior to
water-tables and sub-surface ice depths in locallized frost-mound areas, and sc
| forth.

‘ Of unusual interest is the new trend of névé and glacier fiuctuations being mani-
; fest by regional cooling since the mid-1960's, a critically important trend now

, being refbcted also in other areas of the Arctic. The significance of this Is that C
) coincident with the current downward trend in transient snow-lines (and in late

! summer the annual seasonal ndvd-lines) revealed since the 1950's, there has also b
! been a notable i11land shift in storm tracks over these years. The result has been ‘
| an increasing maritimity at the more inland sites on our station transect. The
station meteorological records, the test-pit data, crevasse-wall stratigraphy and
névé-1ine Information obtained in these past four years have, therefore, beer very
critical in up-dating these signlificant assessments, which as part of the on-going
JIRP contribution have considerable importance with respect to the overail North
American Arctic and sub-Arctic. .

The significance of this research also lies in bringing into focus our understanding
of fundamental glacio-climatic and sea-ice trends over large areas of the Arctic

as well as on a global scale. Because the investigations have focused on snow and
ice varlations with short-term periodicities which are superimposed on the more
secular trends, they especially relate to the climatological cause of these

smaller fluctuations which have direct and immediate influence on the terrain.
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As the ~. .. _. the synoptic and regional data collected will be incorporated In
future records and thus eventually treated in more detail than can be reported
here, attention is given to those more concise and "easily packaged" investigations
of a selective nature which are ready to be reported upon. It Is to be expected
that some of these studies are separate entities worthy of note on their own and
because of this that undue emphasis may be placed on some sectors of the total
systems than on others. Although there have to be some gaps with respect to the
coverage, we are confident that in subsequent reports and In already published

as well as anticipated papers in professional journals these gaps w!il be fijled.

Conversely, this report fills some of the gaps between the published records of
the past and the futurs.

Each of the following main phases of research Is inter-related scientifically

and as wel! has been logistically integrated in the fleld to permit maximum
results 2t minimum cost. The main categories of research as noted in the tatle

of contents are (1) an overview; (2) glacio-climatology; (3) glacio~-hydrology;
(4) glacliology, mass balance; (5) surveying and photogrammetric mapping of
glacier surfaces and flow; (6) geophysical determination of ice depths and
buried bedrock terrain; (7) continuum mechanics of glacier bulges and structural
glaciology; (8) avalanche research; (9) periglacial features and processes;
(10) patterns of glacier termini variations in the Neogilacial; (11) Pleistocene
terrain feaures, erosional and depositional; (12) major geomorphic elements of

the terrain, their structural and lithologic control; and (13) the total systems
view in terrain analyses.

The fopics are dealt with in or-er. Research personnel! and their affiliations
are credited on the flrst page of each section,

The list of publications and theses resulting from this study are listed In
Appendix A,

Y aama.




Part 1i GLACI0-CLIMATOLOGY
A. SYNOPTIC REGIONAL METEOROLOGY OF THE JUNEAU ICEFIELD*

During each ot the past iour summers, standard meteorologlical records have been
obtained at 13 stations on the lcefleid between Juneau, Alaska and Atlin, British
Columbia (Figs. | and 2). As well, government operated stations at -he Juneau
Airport, Alaska and the Whitehorse Airport, Yukon Territory have provided year-
around records and useful base station reference for Interpretation: concerning
cozstal and inland weather conditions. The data from Juneau City (elevation 75',
not the <ame as Juneau Alrport), Annex Creek (sea-level), Eidred Rc:k (sea-level},
Haines and Skagway, Alaska, as well as Teslin, B.C., can be Incorporated for re-
fined regiona! interpretation: (v. Miller, 1972), 3uch a broad regional synoptic
treatment, however, Is beyond the scope of the material presented in this report,

At most of the field stations, data have beon taken between July | and September
i, with comparative data also obtained at Camps 17 and 29 from May 31 to September
I5 and at the Atlin Station (Camp 30) on a year-around basis since '768,

Essential field meteorological equipment ‘including radiometers) have been provided
at each station by the Foundation tor Glacier and Environmental Research. Automs-

tic recording stations, used at Camps 17A, 17, 10, 16, 8, 26 and 29, were provided

by the National Atmospheric Research Center (NCAR) at Boulder, Col- %o, This

has permitted continuous surface weather and ablation/accumulatior - ° rds to be
obtained at at least |10 field stations from the coast directly « = s the Juneau
lcefleld to Atlin Lake. This transect Is some 130 miies long and i\ :.ves quite

contrasting climates., These range from extreme maritimity (precipitarion 90+
inches/year) at Juneau, Alaska to semi-arid continentallty (precipitation of 10+
inches/year) at Atlin, British Columbia.

A brief description of all |5 stations used in this study I~ +abu! \"ed on the
following page (also see transect map in Fig. 2 and suviected photos i1n Appendix H.
The asterisked stations are fully equipped JIRP weathei stations with permanent
bulldings and other facilities for allled glacioiogical research activities.

Stations 18B and 298 are temporary sites used for short-duration micro-meteoroiogical
and hydrologlical studies during a few weeiks each summer,

* Scientific expertise for this aspect of the program has been provided by

Or. A.H. Thompson, Professor of Meteorology, Texas A and M University; Dr,
tdward Little, formerly serior lce Physicist, Arctic Submarine Laboratory, Naval
Underwater Research Center, San Diego; and Dr. Maynard M. Millier, Profess~r
of Geology, Michigan State University.
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TABLE |

GLAC10-METEOROLOGICAL STATIONS
USED TN THIS RESEARCH PROGRAM

Elev. 150', near sea ievel, a U.S. Forest Service station at Mendenhal |
Glacler terminus; climetological conditions fow-level, wet maritime

Elev. 2500', on coestal flank of Boundary Ran¢y yet still relatively low
elevation near timberiine; wet maritime conditions

Elev. 4300', on Lemon-Ptarmigan Glacier system; Intermediate efevation
maritime climate

Elev. 5000', on Intermediate elevation névd of Taku Glacler; sub-
maritime Interior icefiesid cliimatic conditions

Elev. 5200', on uvpper Matthes Glacier (North Central Branch, Taku
Glacler); trigher level, sub-maritime to sub~continental climate

Elev. 5600', on joint névd of Upper Taku and Vaughan Lewis Glaclers;
sub-maritime to sub-continental high level conditions (lce divide and
transition zone)

Elev. 3600', on lower Vaughan Lewls Glacier, at head of large valley
with drainage tn coast; Intermadiate elevatiorn sub-maritime conditions

Elev. 3800', on Watchamacallit Glaclier in the Gilkey Canyon near site
18B; Iintermediate elevation, sub-maritime conditions

Elev. approx. 7000', on Mt. Nesselrode and the broad névé plateau of the
Bucher Glacler, part of which also flows into the Liewellyn Glacier
drainage; high-elevation continental and Polar conditions

Elev. 4700', at intermediate elevation on Llewellyn Glacler, on in-
terlior flank of Boundary Range; glacial sub-continental to continental
climate

Eltev. 5300', in _ermafrost zone on Cathedral Glacier Massif, west of
Torres Channe!, Atlin Lake; continental, semi-arid, sub-Polar conditions

Elev. 4400' | at timberiine and in alpine tundra zone near Cathedral
Glacier terminus; continental climatic conditions

Elev., 2300', on Atiin Lake, 130 miles due north of Camp 17, on the
inland flank of the Boundary Range. Continental, semi-arid climatic
conditions. Surrounding hills exhibit periglacial and sporadic perma-
frost conditions,

Whitehorse Airport Elev, 2200',Canadian Met. Service

Juneau Alrport Elev., 20', National Weather Service

L

Fully equippad JIRP weather stations with permanent bulidinqgs and other facilities

for altied glaciclogical research activities.
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At each station, a senior sclentist or graduate student , with severd trained 3
younger field assistants, was placed in charge to assist in the basic, three- )
hourly synoptic weather and glaciological measurements required in this program,

Pr-cedures used by the National Weather Service were Invoked in al! weather
recordings. In the ice mass balance measurements, the procedures reccmmended by
the International Commission on Snow and Ice of the Internarional Hydrological
Decade were used. The synoptic date were obtained directly by assigned observers

} ! daily at 0700, 1000, 1300, 1600, 1900 ond 2200, with ihe night-time data recorded
? by instruments.

- ———

In 1971, 1972 and 1973, DOr. €. Li*tie, Dr. A.H. Thompson, Dr. A, Jahn and T.
i Ci*trich conducted radiaticn studies on the nature and cause of ablation and sun-
Lo cuo aencration and cdegeneration at Tamps 10, 26 and 29, under varying cloudy,
rainy and clear conditinsns, to compare with observations made on the maritime
srcw-pack and firn-pack at Camp |7 in 1969 and 1970 (v. Miiler, Dobar and Wendler
ir Millter, 1972b). Some aspacts of this research will be reported in future journal
ar*icles. Or. Pinchak, assisted by W. Lokey and others, continued ice ablation
ar: thermal erosion studies at Camp 18B which allied with the meteorological re-

ccrds. Aspects of this research are presented In Part Il of this report.
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3. CONTINENTALITY ACROSS THE JUNEAU ICEFIELD IN STORMY AND FAIR WEATHER®

Weather observations made at |10 of the key field stations on the Juneau lcefleld
(Fig. 1) during the summer of 197] were used to Investigate the variation of
woeather and continentality along an approximately 200 miie south to north pro-
flle extending from Juneau across the lcefield via Atlin, 8.C. to Whitehorse,
Y.T. (Fig. 2). Sslection of a day during fair weather and one during & storm
allowed comparison of the gradient of continentallty under both types of
condlitions. The effect showed up on the proflle for both situations and was
generally more pronounced for the falr weather case at the icefieid stations.
Most surprisingly, Juneau, nearest the ocean, showed sbout the same continentslity
In some measures as the Inland station at Whitehcrse. Otherwise, the main gra-
dient seemed iocated on the Inland side (or more properly the continental ¢lank)
of the divide along the Unlted States-Canadlan border.

On the stormy day, Juneau appeared to be the most maritime In characteristics,
while the region of maximum gradient appsared to be located st a considersdbie dis-
tance inland f-om the divide, being north of the northermmost glacier station.
Despite onshore flow throughout the storm period, the precipitation amount was
Quite uniform across the icefleld and the northern end of the section. The
maximum precipltation was at the southern end of the proflle, although a near-
record 24-hour rainfali for summer occurred at Whitehorse.

A Synoptic Approach

Much of the work utilizing the meteorological observations made on the Juneau
Icefleld has tended to be based on climatologicai methods to examine the data.
The correlated glaciological studies have requlred the data gathering and
evaluation techniques of the c!imatoiogist. The Instrumentation of the various
stations proved to be most suitable for such climetological observations.

Some |imltations arose, however, because some of the observers |lacked the
training and experlence required to take accurate synoptic-type observations,
and there were occasional significant problems with the dsta gathered.

However, the sets of climatological data are made up of the many events of in-
dividual days. Further, the sclentific and technical workers engaged In the
varlous studies worked under the actual day-to-day weather conditions which

may perhaps better be considered as synoptic meteorology. WIth this appreciastion,
the condltions of a few days are discussed In some detail. Some emphasis Is
placed on information related to the gradient of the continentality acrcss the

icefleid, as investigati- of this problem was one of the objectives of the
program in the summer of 1971,

The last few days of July, 197| were characterized by fair weather. with the
3ist being nearly clear at all stations on the icefield. During the next two
days the weather conditions deter'orated as a storm approached from the Gulf of
Alaska. Rain and snow became quite general by August 2nd. These three con-
secutive days provided a good example of the diversity of conditions on the lce-
field. The storm was not characterized by strong winds. Sinca a signlficant

number of the summer storms do have strong winds, & few remarks are added con-
cerning such cases.

* Prepared by Dr. Aylmer H. Thompson, Dept. of Meteorology, Texas A and M University
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The Setting and Instrumentation

The series of research camps used In this study is shown in Figure |. The
number of camps and observation sites has changed from year to year, but those
used In 1971 for this study are Indicated In Table !!. Pertinent Information
abuut each slite Is also included In this table.

Instruments at the stations Included maximum and minimum thermometers, slling
psychrometers, thermographs or hygrothermographs, rain gauges, and recording
wind direction and veloclty indicators. Four stations inciuded MRl Mechanics!
Weather Statlons. Five statlons had Campbel |-Stokes sunshine recorders and
Belfort mechanical actinographs. Cloud information, visibility and weather
were observed visually. Some sites were manned only occassionally, the re-
cording instruments providing records for periods when such sites were not
manned. (The Instrumentation Is also summarized in Table 11.)A few data

gaps occur due to inability to change records on tima during periods of
severe weather, but these are not prejudicial to the general synoptic interpretations.

Characteristics of a Clear Summer Day

Southeastern Alaska was dominated by relatively high sea-level pressures during
the last few days of July, 1971, with a high center ot pressure {1021 mb) about
600 km to the SSW of Juneau at 1200 UT (0500 PDST) on the 3l1st. At the same
time, a low center was present cver the eastern Aleutians and a weak, slowly
moving front extended south from Kodiak Island. As the lower tropospheric

cold air was over British Columbia, the mid-troposgheric flow over Southeastern
Alaska was from the SW, with anticyclonic curvature characteristic of a ridge.

These and other features may aiso be seen by studying the weather charts for
that date.

The weather associated with the generaliy antlicyclonic conditions was good over
the Alaska Panhandle and Northwestern British Columbia, although cloudiness pre-
ceding the low was oxtensive over the remainder of Alaska. The sets of ob-
servations on the 3ist from all stations are summarized in Table ill,

The characteristic weather and clouds for the camps are summarized in the lower
middle of the table. Winds were light and variable. All stations repcrted
small amounts of clrrus, seldom more than a tenth of the sky being covered. In
addition, small amounts of fog or stratocumulus occurred in the valleys around
Juneau, south and west of the Icefleld.

WiTth such cloud conditions, precipitation should be essentially nonexistent,..
as was the case. Camp 17 observers detected a trace during the night of July
30th, robably a Iittle drizzle associated with night fog. All other stations
reported essentlally 100 per cent of possible sunshine, despite occasional cirrus.
Actual hours of sunshine showed some variation between sites due to the presence
of ditferent blocking effects from nearby mountains. (Tha hours of sunshine re-
ported for Juneau are based on the assumption that no mountains are present.)
The way in which the sunshine recording sheets Indicate such cutoffs is illus-
trated in Figure 32 a tracing of the actinograph recording for Camp 26 on

July 3ist. The sun rose about 0600 PDST, and the trace shows the gradual and
steady incresse In Intensity of the solar radiation. The evening portion of

the trace appears much different, with the drop starting gradually In mid-after-
noon, then plunging suddenly about 1820 PDST as the sun dropped behind Corona

e e ————— e 4 e e A e o . JE
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Peak, immediately west of the Camp 26 research station. The minor irregulari-
ties, including the sharp drop in radiation about 1045, are due to small amounts
of denser cirrus ..educhg the solar energy reaching the recorder. The Campbel |-
Stokes record indicates the same features, except that the cirrus are usually not
dense enough to Indicate thelr presence on the record.

Comparison of temperatures at the various :.ites is difficult at best. Elevations
range from sea level to 2200 m and exposures are not uniform because of the
difficult terrain.® Nonetheless, the reported values provide some interesting
comparisons. As would be expected, the highest station, Camp 8, Is the coolest
and the low Inland =tation at Whitehorse Is the warmest. The temperature values
seem to divide the statlons into groups, with Juneau and Atlin in one group;
Camps 10, 17, I8 and 26 in ano*her; and Camps 8 and 9 In a third. Camps 10
and 17 are near an elevation of 1200 m, while Camps 18 and 26 are close to

1600 m, Similarly, Camp 8 Is about 640 m higher than Camp 9, and Atlin is about
670 m higher than Juneau. Since the exposures of the instruments at various
stations are not that different, the eievation difterences should not lead to
the above-noted groupings. The continentality effect of Atliin and Camp 26,
howaver, could lead to the observed similarities with Juneau, Camps 10 and 17
respectively. The reason that Camps 8 and 9 have such 3im!'lar temperatures
despite the differance In elevation is not immediately clear.

The values of the range of temperature at each station are worthy of attention,
The three lowland stations have the same range, while the icefield stations

have a much smaller range. This may be due in part to the |ocations on nunataks
where the coldest air is able readily to drain away with night cooling. The
range |ls greatest at the most Interior Icefleld camps (e.g., C-26); otherwise

no systematic variations are obvious for the icefield stations.

Thermograph records for Camp 26 on the 3ist show a number of Interesting non-
perliodic temperature Increases (often on the order of 10°F,) which last from a
few minutes to cver an hour. A portion of the hygrothermograph trace is re-
produced in Figure 3b, The normal diurnal effect is present, but tends to be
suppressed by the sudden warmings,which seem to occur at any hour and are
accompanied by a corresponding decrease of the relative humidity. In some cases,
as near 1600 PDST, the change is quite sharp and definife, amounting to about
ten degrees In as many minutes. In most cases there is no appreciable change of
other variables recorded. The only exception may be an Increase In the varia-
bility of wind direction but without an effect on the speed. There may also be
some tendency for the air flow to be more from the east than any other direction.
Since such a flow would be both upslope and off the glacier, it is difficult to
see why warming would occur. The same phenomenon occurred on many other days at
thls camp, usually on days of falr weather, but apparently did not occur at
other camps. No logical explanation Is apparert now, but the phenomenon should
be looked for during future summers.

On this date, July 3ist, Whitehorse experienced the highest temperature of the
summer and a record high temperature for that date.

* The original data were recorded in the Fahrenheit scale and have not been con-

verted to Celslus. Such conversion either Implies unwarranted accuracy, 1f given
to the nearest tenth of a degree, or excess Inaccuracy if glven only to the
nearest whole degree Celsius.
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Characteristics of a Cloudy Summer Day

During the following two days, the pressures over the lcefield area dropped
gradual ly as the low ‘rom west of the Alaskan Peninsula moved eastward to south
central Alaska and the Kodlak Istand area. At the same time, the highs re-
treated southwestward deeper into the Pacific and southeastward into the north-
west United States, while the low, north of the Alaskan Arctic coast, migrated
southeastward Into southern Yukon Territory. The weak gradlenfs and intensitlies
of these systems are falrly typical of summer systems.

The discussion In the remainder of this section will consider conditions on Au-
gust 2nd, to contrast with the discussion of the clear day on July 3ist. The
observaiions for the 2nd are summarized in Table |IV. Direct comparisons may

be maoce with the data for July 3ist in Table |11,

Appreciable cioudiness began to develop and ceflings to drop on the icefield near
noon on August Ist. Rain (or snow at higher elevations) began shortly before
midnight over the south and west parts of the Icefield, spreading over the en-
tire lce“lald and on to Atiin and Whitehorse early on the 2nd. Precipitation
contlnued through most of the 2nd and much of the 3rd.

The elevation at which the snow changed to rain was about 1600 m. on the mari-
time slide of the range, and prcbably not much higher on the continental side.
Camp 8 reported noting but snow, while Camp 18 reported rain mixed with and
changing to snow as the day progressed. The action of the precipitation re-
corder at Camp 16 suggests that elther the precipitation fed| as rain or the snow
melted almost as rapidly as it fell. At all other lower camps, only rain was
reported.

The amount of precipitation on 2 August was remarkably uniform. Except for
Juneau, Camps |7, I8 and 8, the stations measuring this element reported close
to 0.9 iInches. (The measurenwent at Camp 8 is suspect. There was much drifting
snow and the observers were not skilled in melting the snow to obtain a measure
of the water equivalent.) This uniformity across the range suggests a lack of
any appreclable rain shadow effect, at least for this summer storm. The corm-
paratively larger amount of precipitation at Juneau and the still larger &-
mount at Camp |7 suggest that there is an appreclable upsiope effect In that
vicinity. The terrain near these two statlions is probably as favorables for
such an effect as any location in the area. One may hypothesize that the
general convergence of the low pressure system resulted In rather uniform pre-
cipitation over the area and that the max(mum upsiope action near .Juneau and
Camp 17 superimposed an added amount of precipitation at these particular stations.

With the moisture and convergence of the low-pressure system, clouds were thick
and low. All icefleld camps reported fog, except for Camps i0 and 26 and the
shtions off the Icefleld which reported fow stratus, stratocuimulus and nimbo-
stratus, with cellings below 700 m, Thus the clouds were envdoping the higher
mountains., The comparatively high ceiling at Camp 26 at first appears to be

2 lee side or contlnentai effect, but the much lower valuae at Atlin is not con-
sistent with such an Interpretation. It Is difficult to ascribe this difference
to an error in estimating the height of the cloud base above one of the sta-
tions, as the temperature and moisture values are consistent with the oL erved
helghts. Further, a note made by the observer at Cainp 26 indicates that he ocould
see snow collecting on the rock near the tops of the nearby peaks The problem
remains that the nearby peaks are only about 300 to 400 m above camp and the tops

* A comprehensive review of the regional and hem’spheric relationships of such
tropospheric systems and shlifts In thelr related ridges and troughs, as they relate

to secular glacio-climatiz trends on the icefleid, has been completed by Jones (1975).
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waere almost certainly otscured by clouds. Most certainly, the lee effect is not
obvious.

As a result of the extensive and persistent cloud cover, no sunshine was recorded
at any stations. The short-wave energy received at the surface was correspondingly
very low.

Wind directions tended to have a sou*herly component at all statlionc except
Juneau, although the actual direction at any observation point seemed to be de-
termined by local terrain. This was particularly noteworthy at Camp |18, which
is sheltered from both northerly and southerly winds znd the dominant directions
are either up or down the Giilkey Glacler Trench (wast of Camp (8)., The channel
effect at Junea: Is obvious.

Thermometric measurements from the various stations were not as regular as the
nature of the clouds snd precipitation migh* suggest. First it shouid be noted
that the values in the table refer to the 24 hours beginning at midnight and were
determined from thermograph traces or houriy observations. (An exception was
Camp 17, for which no thermograph trace !s available. The temperature at 2200
POST on August Ist is used as the maximum.! The expected drop In temperature
with elevation Is present, although not completely consistent. The very high
maximum temperature at Whitehorse results in that station having the highest
average temperature, Further, Camps 17, 10 and 26 have the same values for
high and low tcmperatures, despite the range of elevation of about 300 m,

(Camp 18 would fit this group also except for a lower minimum.) This is a
characteristic similar to that noted for the 3ist. Atlin was a little cooler
than Juneau. Much of the inconsistency may again be ascribed to continentaiity.
Worth mention is the 24-hour coolling evident for ail stations. This drop
amounted to 5 and 6 degrees for Camp 26 and Juneau, but was larger at all other
camps, reaching |3 degrees at Camps 8 and |8, and 16 degrees at Whitehorse.

The temperature and humidity traces for much of August 2nd at Camp 26 are

shown In Figure 3c. Noteworthy Is the smoothness of the trace, compared with a
clear day (see Fig. 3b). Even on the cloudy day, however, there are numerous
fluctuations of about a degree in amplitude and a few minutes duratfon. Cor-
responding fluctuations in relative humidity aiso occur. Note that the humidity
fluctuations of only a few minutes duration are of about the same ampli-ude on
both the clear and the cloudy day, whereas the corresponding fluctuations in
temperature are much less on the cloudy day than on the clear day. These short-
period fluctuations Indicate that the air is not unlform even in a very smali-
magnitude sense,but rather Is a turbulent, non-homogeneous mi!xture. These are
typlcal characteristics of the atmosphere. The traces for the other stations
are similar, also showing nonhomogeneity (Thompson, 1974),

The effect of continentality is again present, although not so obvious as on the
clear day. The change seems to be confined primarily to the region between the
Jivide (Camp 8) and Camp 26. The effect is not strong, and the dominance of the
convergent effects of the low pressure system and storm, which Is really not an
intense distu~bance even for the summer season, |s probably most significant
when compared not only to the continentality but also to local effects,
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Strong Winds with Storminess

Of particular Interest to the personne! working on the Icefield are the strong
winds occurring at some statlions during some of the storms. As would be ex~
pected, these winds are stronger at the higher stations. Camp 8, a short

_ distance bel>: -9 summit of Mt. Moore, nearly always reports the highest

: : velocity w'r.:. Camps 9, 16, 17 and 18 also tend to experience strong winds,
Camp 26, while higher than two of these stations, Is In a slightly sheltered
location and probably does not recelve the full effect of the air motion. The
actual winds reported at the various stations depend on local terrain effects
as well as on the direction and strength of the gradient of pressure over the
lcefleid.

v T . ——

Some of these points are illustrated in the storm of August 2nd and thus in the
wind data of Table |V, These data represent the prevailing wind direction and
; average speed for th2 Individual stations. The maximum sustained speed at

i most stations was roughly twice the average value. These data may not include
[ the maximum gusts, since the limitations of the instruments precluded reliable
i estimates of gusts. There Is some indication that this condition pertained !
generally throughout the summer on the lceflield, although the factor of 2 ' h

relating average to maximum speed should not be relled on too exactly. On
August 2nd, Camp 8 reported the strongest wind, although Camp 16 was not much :
wcaker. The strongest winds were from the south, from which direction Camp i
18 Is sheltered due to its location at the head of the east-west oriented
Gilkey Trench (note the week winds at Camp |8 on August 2nd, as well as the
existence of two prevalling directions). The Northeast wind at Juneau has been
mentioned earliler.

ey v T

Stronger winds occurred during the summer, In one case approaching an estimated
speed of 60 mph at Camp 8. On that date (19 August), the flow was more from the
east and Camp 18 also reported strong easterly winds with gusts occasionally
exceeding 40 mph. The usual cause of such winds Is similar to the case of
August 2nd...namely a8 low crossing the Gulf of Alaska and approaching the coast
of Southsast 2laska. The strength and direction of the winds Is closely related
i to the magnitude of the pressure gradient and to the cyclonic track of the pres-
sure gsystem as It approaches and crosses the coast.

i Some Concluslons

| Summer weather conditions across the Juneau icefield area are characterized by ;
reasonable consistency and an appreciable tendency for uniform conditions at i

a given time. Vertical motions due to the dynamics of the meteorological flow :

pattern appear to play a greater role than the terrain features and the effect

of continentality in determining the actual weather and its spatial variations.

The changes of the meteoroiogical elements across the Icefield caused by terrain

and the continentality effects show up rather wel!l in the statistical summaries

(and, In fact, are quite obvious to the scientist travelling across the Icefleld).

They can become masked and quite subtle, however, in the individual cases such

as those considered here.

-
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C. COMPARISON OF PERCENT POSSIBLE SUNSHINE AT FIELD STATIONS ON THE
JUNEAU ICEFIELD *

In thils section analys!s is made of data obtained from Campbel I-Stokes sunshine
recorders positioned at seven field stations along a north-south transect across
the Juneau lcefleld. Particular study of these data was made between July 22nd
and August 3ist, 1971, to determine the percentage of possible "bright sunshine"
experienced at each of the reporting stations. The locations of the observing
stations are indicated on the location maps in Figures | and 2. This technique
has been appiied in earllier JRIP research, especlaliy in comparison of winter vs.
summer duration of sunshine at Juneau and Camp 10 (Miller, 1953),

In this study, the time at which the sun struck or was shadowed from the recorder
was determined for each station on each day the station experlienced clear sky at
elther sunrise or sunset. From these data It is possible to plot the beginning
and ending of possible sunshine for each station. In addition, the total possible
sunshlne Is computed for the average station latitude of 59° N., thus giving a
reference from which each station's possible sunshine can be computed. This
permits us to account for the effects of local topographic shading, which Is
particularly significant at Camps 8, 10 and 26 (Fig. !).

The percent possible sunshine can be determined in one of two ways when accounting
for the topography. (1) It can be calculiated as a percent of the time the sun

is above 1he local orographic obstacles as seen from the observing point. This
would give different daily possible and total possible hours of sunshine at the
various stations., (2) The actual hours of sunshine can be extrapoliated to
astronomical sunrise and sunset times, accounting also for the potential effect !
of observed cloudiness during the time the field site is shielded from possible

direct sunshine by orographic barrlers. This would give the same dally possible ]
and totai possible hours at each station, except for a small latitude effect
(which Is neglectcd here). As the latter procedure is most useful when com- !

paring stations in a given locality having di fferent shading effects, this method
Is employed.

Both actual percent possible s. .hine and the corrected total possibie per-
centages, allowing for the shadowing effects of local topography, are presented 4
in Table IV. The data for JuneauAlaska and Whitehorse, Y.T., are included to
provide control points on the south-north transect (Fig. 2). It should be noted
t+hat the Whitehorse data are for duration of "bright sunshine" , and are not
corrected for local shadowing effects because there are no nearby obstructions
which would introduce shading at this time of year except within a few minutes
of sunrise or sunset. The Juneau data are already corrected for shading effects.

The period between astronomical sunrise and astronomical sunset varied from !7.4
hours on 22 July to 14.3 hours on 30 August, 1971, Over this period, there were '
641 total hours of possibie sunshine at an unshielded location (Table V). g i

*  Prepared by Stephen C. Andrews, Cept. of Geography, University of North Dakota
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The evaluations of the percent of possible sunshine at the several stations along
the transect are prepared in tabuilar form. An example, sufficient to I|llustrate
the appllication, Is presented in Table VI for Camp 8. It should be noted that on
many days with much sunshine 1t was nearly clear at sunrise and/or sunset so the
maximum correction was applied. On days with only small amounts of sunshine, how-
ever, condltions were such that even |f no orographic barriers had been present
there were sufficient clouds near sunrise and/or sunset that no correction needed
to be appiled. The results of the evaluations of percent of possible sunshine

for all stations along the transect are presented in Table V and the conclusions
discussaed below.

Junaau Alrport (20 feet)

Juneau was found to have the lowest percentage of possibie sunshine (22,.6%). This

is due to the high Incidence of fog and rain, resulting from the strong maritime
influence at that station.

Camp 17 (4200 feet)

Since Camp |7 has no appreciable shading, correction was not applied to these
data. Although Its percentage of "bright sunshine" (24.4%) was higher than
Juneau's, It has the lowest percentage on the Icefield. This low percentage Is
a reflection of the extreme maritime influence at this station.

Camp 10 (4000 feet)

Camp 10 had a low amount of possible sunshine (28.4%) before correcting for the
sunrise shading by the mountain ro the east, Taku B, After correction, the value
rose to 32.7%. |t was assumed that Camp 10's sunset occurred at astronomical
sunset, even though this results in a smail error. (Astronomical sunrise is
determined by subtracting the hours of dayight from the observed time of sunset.)
Canp 10's lack of sunshine appears to be due to Its elevation and again its
position within an orographic maritime system (Thompson, 1974).

Camp 8 (7200 feet)

At Camp 8 there was also a low percentage of possible sunshine, presumably due to
1ts position on the crestal plateau of the Juneau Icefield. Camp 8 had an un-
corrected percentage of possible sunshine of 24.4%. Thus, Camps 8 and 10 are
shown to be essentially similar. Both camps are under the climatological In-
fluence of orographic Ilfting. Since Camp 8 also experiences sunset near astro-
nomical sunset, the calculation to account for the difference between astronomical
sunrise and actual sunrise was made in the same manner as for Camp |0.

Camp 26 (4700 feet)

For the Camp Z6 data 1t was necessary to correct for the shading effect of nearby
Corona Peak, directly west of camp., As suspected, Camp 26 has the maximum per-
cent of possible "bright sunshine" of any camp on the lcefleld. Although Camp

26 had 40.9% uncorrected possible sunshine, when corrected for the shading
effects of Corona Peak at sunset, this camp had a2 total of 57.0%.

© rmeten s e & Sttae— o
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Camp 30 (Atlin, 2180 feet)

Ot the continental stations on the transect, the AtlIn meteorviogical station
had the lowest possible converted percentage of "bright sunshine". Atlin Is
not shaded to any degree and therefore no corrections are Introduced Iinto the
data. The percentage of "bright sunshine”" for the Atlin station was 49,4%,
compared to 57.0% for Camp 26 and 52.8% for Whitehorse.

Whitehorse Alrport, Y.T. (2300 feet)

Whitehorse Alrport, at the northern end of the transect, lles on & high fiat-
topped bluff overlooking the Yukon River. In this position shading effects are
neglligible. Thus local sunrise and sunset times are assumed to have been near
astronomical sunrise and sunset. On this basis, Whitehorse received 52.8%
possible "bright sunshine".

Summary

The presence of a "sunline", i.e. a boundary between areas of low possible "bright
sunshine" and areas of high possible "bright sunshine" is indicated In that sec-
tion of the transect between Camp 8 and Camp 26 (i.e., close to the orographica!
divide a few mlles north of the Alaskan-British Columbia border), *

Although there are two climatic regimes represented by these seven stations (|)
maritime (Juneau, Camp 17, Camp 10, Camp 8) and (2) continental (Camp 26, Camp

3 af Aflin, and Whitehorse), with probably orographic 11fting effects influencing
the conditlons at Camps 17, 10 and 8, there does not appear to be any out-of-
phase relationship between these two basic regime zones. After a spot check of
several days when new fronts appeared to be moving into the area, it was found
that the time between the start of pressure and precipitation effects at Juneau
and the start of the same effects on the opposide side of the Icefield was
measured In terms of hours Iinstead of days. |t Is probable that out-of-phase

relationshlps do exist, but it Is now clear that a much smaller scale is needed
Yo measure them,

From the sunshine data it Is concluded that similar conditions exist aimost
simultaneously across the Icefleld when major frontal movements are involved.

In weaker systems, activity is dissipated before crossing the crestal plateau of
the Icefield and reaching the continental sector (revealed by these Interpretations
“w fle at and northwards into the Atlin/Tes|in/Whitehorse area (Fig. 2).

For future Investigations, an additional fleld meteorological station should be
Instal led between Camp 8 and Camp 26 to enable a better determination of the
transition effects that occur In that area. This will allow more accurate location
of the "sunline". The establishment of Camp 25 at 7100 feet elevation on the
Nesselrode Plateau in 1973-74 and subsequent data from that site will facilitate
this refinement In the study.

* In 1973 and 1974, a new research site (Camp 25) was developed on the 7000-foot
névé of the upper Bucher Glacier near Mt, Nesselrode (Fig. 2). Summer-time weather
records at this slite suggest that the suniine !ies close to the summit of +this
8100-foot peak on the international border.
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TABLE V

COMPARISON OF SUNSHINE RECORDS AT KEY STATIONS
22 JULY TO 30 AUBUST, 1974

STATION HRS. SUNSHINE / CORRECTED PERCENT POSSIBLE / CORRECTED
JUNEAU 145, 1 145, | 22.6 22.6
CAMP {7 156.5 156.5 24.4 24.4
CAWP |0 182.1 209.9 28.4 32.7
CAWP 8 156.2 191.8 24.4 29.9
CAMP 26 262.3 365.3 40.9 57.0
ATLIN 316.8 316.8 49.4 49.4
WHI TEHORSE 338.6 338.6 52.8 52.8
MEAN 222.5 246.3 34.7 38.4
MARITIME

MEAN*® 160.0 175.8 25.0 27.4
CONT INENTAL

MEAN *+ 305.9 340.2 47.7 33.1

* Maritime stations: Juneau, Camp 17, Camp 10, Comp 8
## Continental stations: Camp 26, Atlin, Whitehorse
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Editcr's Note:

It is of glaciological signifi-ance that the “sunline" zone concept and the re-
ferences to maritimity and continentality (noted by Andrews and In the preceding
study by Thompson) strongly condition the observed differences in terrain charac-

teristics of the ndvd and lce surfaces to the north and south of this transition
zone.

For example, In the Camp |7 to Camp 9 sector, by mid-summer there Is a pronounced
development of suncups, especlally following a number of clear days., After a

few days of storm, wind and rain, however, these suncups become subdued and level
out, largely by moiting processes associated with wind convection and rain...
especially when ambient temperatures are above 40°F. in the Camp 8 to Camp 25
plateau sector (3500 to 7500 feet, 1700 to 2300 m), suncup development is assen-

tlally nil, but the process Is primarily melting even though the ndvd remains
qul te smooth.

North of the "sunline", on the crestal n8vé, however, a sharp decrease in ablation
by meiting is observed, coincident with notable increases In evaporation features
due to the relatively greater Insolation. |In fact, at Camp 2€ and northward along
the Llewe!llyn and Hoboe Claclier surfaces, radlation weathering features (evaporation
spicufes) are commonly seen by mid-summer. This Is also a pronounced reflection

of the decreass relative humidity associated with the increased duration of sun-
shine reported In this study.

These changes In ice terrain characteristics affect the trafficability of the

glacial surfaces with respect to cross-country ski travel and the use of tracked
oversnow vehicles.,
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D. SUMMER TEMPERATURE PATTERNS OF AN INLAND CLIMATOLOGICAL TRANSECT
ACROSS THE JUNEAU ICEFIELD *

Maximum and minimum daily temperatures from meteoroiogical records obtained at
field stations during the 197] summer season are analyzed In order to deter-
mine some patterns of temperatures and their variations on the Juneau lcefield.

Field Setting

As the Juneau lcefleld extends well inland across the high interlior of the
Boundary Range in the southeast coastal section of Alaska and northwest British
Columbia, it consists primarlly of high névés, interspersed with barrer ice-
carved nunataks and nunatak groups separating deep glacier-filled valleys. On
the seaward side of the range, to the west and south, some of the glaciers, such
as the Taku Glacier, reach sea level, while the termini of many others extend

to near sea level In deep glacial valleys and trenches. On the Inland (Canadian)
sice of the range (because of the Taku and Llard Plateaux), they must terminate
at higher elevations...i.e., 2400 to 3000 feet (730-909 m), The interlor accu-
mulation areas crest at the boundary {(water/lice) divide at 6000 to 7000 feet
(1818-2120 m), with the elevation of Atlin Lake beyond the northern end of the

present ice boundarlies being slightly iess than 2200 feet (660 m) above mean
sea level,

As we have seen, the stations involved In this study lie in an approximate line
from SSW to NNE across the icefieid. (The key stations are tabulated in Table I|.)
The lower southwest slopes of the periphery of the Icefield near Juneau display

a maritime rain forest climate, with precipltation of about 120 Inches per year
(90 iInches at Juneau). The southernmost station, Camp |7, is located on a high
rock ridge (aréte) between the heads of two valley glaciers, in a high alpine en-
vironment at 4200 feet (1270 m), well above the mean névé-line (which lies here
at about 3500 feet, 1060 m).

Camp 10 Is at 4000 fecet (1310 m) elevation In the south interior of the icefield,
but as we have seen in the preceding sections is still under the influence of o
the maritime zone. |t is located on a low bedrock shoulder of a nunatak, some

300 feet (100 m) above the névé surface of the Taku Glacier and I8 miles up from

its terminus. This surface is also at present well above the mean névé-iine (which :
here |ies at about 3000 feet, 909 m). The climate at Camp 8, at 7200 feet i
(2180 m) elevation, could be termed nival or high arctic. Near the crest of the

icefield, this station lies on the western slope of a high nunatak mountain about

one mlle south of the Canadian border and overlooks the orographic divide at

the International Boundary.

Camp 26 is located farther north, some 10 mlles beyond the crest and well down

the Llewellyn Glacler into British Columbia at the sheltered base of another
nunatak mountain, At 4700 feet (143C m), it is near and sometimes below the inland
névd-llne In a setting of frost-shattered rock and alpine summer flowers.

* Prepared by Vernon K Jones, Dept. of Geology, Michigan State University
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Camp 30, at 2200 feet elevation (660 m), Is located on the shores of Atlin Lake in
the semi-arid continental interior whare precipitation amounts only to some |2 to
I3 Inches annually., It Is the only fleld station Included in the study which is
not on the lcefield proper, with the exception of Camp 29 (elevation 5300 f+.,
1660 m) which being on a separate and isolated messif In the Atlin area Is not
considered In this transect comparlison.

Observing Procedures

Maximum and minimum temperatures were obtained from two sources. Standard maximum
and minimum thermomsters were read at 0700 and 2200 by the station observers.
Weekly thermograph traces were checked for dally maxima and overnight minima,
Previous overnight minima prior to 0700 were used even when a lower temperature was
recorded In the evening on a given date. The purpose of this was to standardize
thermograph records with maximum-minimum thermometer readings for a given date.
Most stations were equlipped with fairly new hygrothermographs.

Avallable dats were plotted separately for each station for purposes of analysls.
Observed dally extremes from both instruments for a given station and date were
compared. Exceptlions to thls were at Camp |7, which d1d not have thermograph
records unti!| August |, and Camp 26 which, due to Its Isolated location, required

several days to obtain a replacement for a broken maximum thermometer in mid-
season,

Adjusted daily extremes for each station were deveioped from the two data sources.
As the two sources did not always support each other, some careful judgements In
the analyses were necessary. In the case of questionable differences, the ad-
Justment tended toward the mean of the two sources. Obviously spurious readings
were elther heavily discounted or discarded. For example, at Camp 26 occasional
susplciousiy low readings on the minimum thermometer, whern unconfirmed by the
thermograph records, were found to be related to overnight wind speeds of 10 mph
or greater. Thercfore It was assumed that Improper positioning of the minimum
thermometer, combined with winé-induced vibration of the instrument shelter,

had shaken the rider down.

Distinct peaks, troughs, or changes In temperature were genorally confirmed by
siml lar changes In both instruments. Occasional gross discrepancies in the

two sources were reconclled, based on clues as to any poscible causative factors,
such as the situation previously mentioned at Camp 26,

Because the data were sometimes obtained by student trainess, they at times lack
the precision of those taken by professionally trained meteorologist. The

majority of records obtained by both types of instruments, however, are supportive
of the observers' records.
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Adjusted daily maxima for all stations were plotted on a single graph, allowing
synoptic comparison of all stations. The same was done for adjusted dally minima.
Daily means were computed for the 4l-day period from July 22 through August 31, :
1971 when all stations were continuously occupied. These Include mean daily i
maxima, mean dally minima, and a dally mean of the mean maxima and minima. Also

computed was the maximum-minimum range of the daily station means. These are |
shown In Table VI, Included are absolute maxima and minima for each station
during the 4i-day period of analysls.
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Pertinent Climatological Aspects

The Juneau lcefield provides an interesting field laboratory for climatological
study...one which has in previous pages been shown as a mountain climate super-

impesed on a transition from a strongly maritime to a definitely continental
climate.

A maritime climate Is characterized by a predominating influence of the ocean (in
this case accented by the warm Kuroshio Current). The result Is high humidity,
extens:ve cloudiness and frequent heavy rainfall interspersed with prolonged
periods of drizzle; small dliurnal and seasonal temperature ranges; and annual
temperature extremes retarded until one to two months after the solstlices.

A continental climate has large annual, seasonal,day-to-day, and day-night
ranges In temperature; low relative humidity; and a lower occurrence of cloud
cover, associated with low to moderate rainfall. Annual temperature extremes
tend to occur soon after the soistices.

Superimposed on these climatic characteristics are the characteristics of a moun-
tain climate, with temperatures inversely related to elevation and with definite
orographic effects...much of which tends to upset normal l|apse rate changes with
aelevation. Greater daytime Insolation and nsturnal radiation may also be ex-
pected at higher elevations. In addition, this icefield area ...situated as it
Is in the Boundary Range... is the interface region between the continental Polar
high pressure air mass and the maritime low pressure cellular circulation of the
North Paclific. In this region long-term cyclic climatic changes, recorded by
glaclal fluctuations, have been correlated with changes in the relationshio of
these alr masses and with patterns of solar disturbancs (Miller, 1956, 1963, 1972b,
1973). Dr. Thompson and Mr. Andrews have provided detalled analysis of the
continentallty gradient in this study area in previous sectlons,

The Temperature Pattern

As would be expected, Camp 17, on the southwest maritime flank of the Icefield
shows the lowest mean range of dally mean temperatures...6.7°F. Camp 30 (Atlin),
in the continental interior, shows the greatest range...21.0° , followed by Camp
26 on the continental interior siope...!3.0°F. Cawp 8, near the crest of the
range but on the seaward side, shows a range of 9.2° F. These tigures are con-
sistent with the gradient of continentality which has been descr'bed from maritime
to continental climate across the climatic dlvide.

Andrews has conflirmed the zontinenta'ity gradient in terms of solar radiation
(duration of sunshine) received at the earth's surface along this transect. The
regional "sun |ine" which he has described corresponds to the glacial divide,
slightly Inland from the apparent orographic crest of the Boundary Range and In
a clear-cut fashion separates the cloudier maritime flank from the sunnier con-
tinental flank,

Camp 10, however, located in the southern maritime interior of the lcefield,
departs noticeably from this gradient with a mean daily range of mean tempera-
tures of 11.2° F. This value is well above that for Camps 8 and 17, which in the
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geographical sense It lies between (Fig.l ). Both Camps 10 and |7 consistently
e> ‘orlence weather conditions characteristic of a maritime climate, with a re-
latively high proportion of cloudy, in-cloud, rain, and white-out conditions.
This precliudes an explanation of greater insolation and nocturnal radliation for
the large mean day-night temperature range at Camp |0. Because Its position is
at the end of a rock shouider some 300 feet (100 m) above the glacler surface
this may provide excellent dralnage of denser cold alr on the ndvéd surface well
below the station level which should prevent minimum temperatures from being un-
usually low. The location of the instrument shelter on a barren bedrock surface
could also allow greater solar heating of the immediate area. But as Table VII
indicates, variation from mean maxima and minima at Camp |7 (the most closely
comparable station) is almost evenly divided between a higher maximum and a lower
minimum, Locatlion of Instruments at Camp {7, on a narrow bedrock ridge, pro-
vides local condltions simifar to those at Camp 10.

In this study a conslistent pattern of elevation effects on mean temperatures has
been shown, aithough the pattern does not appear to be linear (Fig.!l ). Using
Camp 8 as the low-temperature end of the scale, daily (24-hour) means are |ower
at Camps 10 and 17 than at Camps 8, 26 and 30, in proportion to elevation. This
may reflect the stabillzing effect of maritime influences on the dally range,
although It Is not consistent with the unexpectediy high mean daily range at
Camp 10,

Special Conditions

It is interesting to note that record or near-record maxima and minima for the
study period, on the morning and during the day of August ist, were followed by
secondary record low maxima and minima on the night of August Ist and during the
day of August 2nd, during a storm, These had rebounded to near or above sea-
sonal averages by the day and night of August 3rd. Also seasonal record low
maxima on August 24-25 and record low minima on August 26 and 27 were followed
by secondary record high maxima on August 30th.

:
In the first case above, the temperature drop accompanied heavy precipitation at 5
all stations. In the second, the temperature drop followed maximum precipitation
(or cloudiness at the continental stations) by one to three days, with record {
lows for the study period acco.panying the first CAVU conditions on August 27th, {
The secondary seasonal maximum for the study period, on August 30th, was associated
with condlitions of cloudiness or broken cloudiness, with cliear weather part of 1
the day at some stations. (Dr. Thompson's previous report has given specific
weather detalls for July 3ist and August 2nd.)

Conclusions
Although not all of the data can be given here to support the followkng cenclusions, 1

these data are avallable in the Foundation for Glacier and Environmental Research's 1
flles. The general conclusions are as follows:

Based on detalled analysis of the data, the daily ranges and time-related
patterns of temperatures at individual stations indicate the following:

e anm o

. Dally ranges of temperature were maximum during clear weather and minimum
during poor weather.




Cm——

e e g e T

~27-

2. Temperature minima tended to follow maxima on a do-to-day basis. However,
higher maxime from solar heating on clear days tended to be rather obvious.
This was partly balanced by nocturnal radiation cooling, resulting In somewhat
comparable minime during clear versus cloudy weather. This effect is masked to
a large extent, however, by the inherent temperature characteristic of the air
mass present at any given time,

.4

3. Temperature minima did not fluctuate as greatly as did maxima.

4, Daz-nlﬁhf ragigs of temperature were considerably greater in the continental
Iinterior than on the more mari¢ime seaward slope of the divide.

5. Temperature variations on a daily interval do not appear to indicate a se-
quential change of temperature across the Icefield.

6. Dltfferential retardation of annual temperature extremes after the solstice,
due to maritime heat-sink effect, does not appear to pertain across this transect.

7. The mean day-night temperature range fo- Camp 10 departs from the otherwise
consistent gradient of continentality.

8. The effect of elevation on mean daily temperatures shows a consistent pattern.

9. Daiiy temperature variations are for the mast part para!lel at ali stations,
suggesting that competent records obtained even over short periods at a2 single
station can have reglonal significance,

New inputs from Satellite Imagery

Note is made here of the magnlficent aid satellite imagery provides in the
regional ciimatoiogical assessment. As of a few months ago, daily photographs
of the North Paciiic area are available via the N#lonal Weather Service's fore-
casting offices in Juneau and Anchorage. An illustrative example is given in
Figure 4, showing the counter-clockwise swirl of the North Pacific cyclonic low
over Southwestern Alaska, with clear high-pressure anticyclonic air dominating
the Aiaskan Panhandle (photo date , April 24, 1975, 1253 p.m.; NOAA-4 from
1500 km altitude). The value of this input is exponentially Increased by the
acquisition of simultaneous ground data from key weather stations in Alaska. In
our continuing research, considerable use wll| be made of this combined information.

Of further interest with respect to Figure 4 is that the interaction zone be-
tween the opposing pressure systems typefied here is centered over the Alaskan
Panhandle from September to December. This is the season when heaviest snow
accumulation taxkes place on the Junsau icefield. Pertinent aspects of this

situation in terms of our ground station observations and measurements are con-
sidered in the next section.

a4
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E. COMPARATIVE CLIMATOLOGICAL AND MASS BALANCc N<VESTIGATION OF CIRQUE
GLAC!SRS IN THE NORTHERN BOUNDARY RANGE

As noted in the lower inset box in Figure 2 and in the photograph In Figua 3,
the Lemon Creek and Ptarmigan Glacier system (Camp 7 area) iies at the south-
ernmost edge of the Juneau lcefield. As such It is In the most maritime cof

nositions. The upper inset box, Figure 2, denotes the Cathedral Glacier posi-

ticr on the most continental edge of the presently glaclated sector of the
Norrhern Boundary Range.

Previous investigations of cirque distribution on the maritime flank of the
Boundary Range (Miller, 1960; Swanston, 1967) have been abetted by cur ent
studies c¢f Inland cirques at this latitude (Jones, 1975; Tallman, 1975). From -
these it Is known that cirques now occuplied by ice are ciose to the glacla-

tion level ( @strem, 1972, 1973). They fit into a series of tandem cirques.

On the Alaskan coast, the lowest four are lce-abandoned and he lowest three

in the interior are Ice-abandoned also. In the Pleistocene refationship to

the present glacial position, today's Ice-filled cirques lie in the transi-

tional giacial to non-glacial zone. (A fuller discussion of this situation
Is given in Part ),

The relativeiy healthy regime of the Lemon Glacler System compared tc that of
the nine smali cirque glaclers on the Cathedral Massif Is of special signifi-
cance to our study. These regime differences are compared in the air photos of
Figure 82 and b and relate to differences In geographical position and elevation.
The glaclation level |lies at 4500 feet on the coast but Iis at 7000 feet In

the Interior Atlin reglion, a fact which is commensurate with today's mean névé-
line ditference cn the south-fiowing Taku Glaclar (i.e., 2900 feet (880 m) v.
Fig. 5) and the north-flowing Llewellyn Glacier (4900 feet (1480 m) v, Flg. 7).
Thus it is not unexpected that the mezn névé-|ine betwyen 971 and 1974 on

these lesser cirque glacliers showed a 2000-foot (600 m) difference. The mean

névé-|ine comparisons, including those between the Taku and Lwellyn Glaciers,
are noted as f-ilows:

Juneau Sector Ptarmigan Glacier Navé-|ine 3700 f+. (1120 m)
Lemon Glacier Névé-|ine 3600 f+. (1090 m)
Takws Glacier Névé-|ine 2900 f+, (88C m)

Atlin Sector Cathedral Glacler Névéd-line 5800 f+. (1760 m)
Coliseum Glacier Névé-|ine 5900 f+. (1790 m)
Lleweilyn Giacier Névé-iine 4900 f+. (1480 m)

To delineate more precisely this indicator of maritimity vs. continentality
with respect to oppos!te flanks of the Icefield, comparative climatological
studies are continuing at each main field research site. Complete details of
the regional correlation over the 1971-74 research period are reserved for
presentation in later reports,

For our present purpose, specific comparisons are drawn between climatologicai
factors affecting mass balances of the Lemon-Ptarmigan Glacler system near
Camp |17 and the Cathedrai Glacier at Camp 29. Details of the parameters af-
tecting the Lemon Glacier have been documented In Miller (1972b) and the
Cathedral Glacler data (1971-74) have been anaiyzed by Jones (1975). Pertinent
aspects of the Cathedral Glacler study are discussed beiow, as they relate to

ek e et e



the object.ves of this contract. I Part Iil, the Lemon and Ptarmigan Glaciers
are discussed as prototypes of the coastal clrque glaclier system.

Climate of the Cathedral Glacier Area

The Cathedral Glacler lies in the semi~arid Inland zone. As this is a new re-
search area developed for this study, no meteorologlcal observatlons had been
made prior to 1971. The nearest weather records are from Atlin, 18 mllies (29 km)
to the north and from Cemp 26 on the Llewellyn Glacier, 22 miles to the southeast.

P Cathedral Glaclier is a small glacler Iin a closed basin with a single outlet

- stream (Figs. 8,9), |Its unique form has resuited in a complex morainal history
that provides quite a complete plicture of inland glacio-climatic puisations
during the late Hoiocene. Most helpful to the present purpose is comparlison of
the meteorological, glaciological and geomorphlic Information from this location
with that from maritime stations on the southern flank of the Juneau !cefield

L permitting, In turn, a much more effective analysis of the regional atmospheric
behavior,

Significance of Tropospheric Controls *

P Because the Juneau lcefield lies at the fluctuating interface between the polar
continental anticyclonic high pressure region and the maritime cyclonic region
(Fig. 4) during the autumn and early winter season of maximum precipitation,

! terrain characteristics of the icefield refiect a distinct sensitivity to shifts
E in the location and changes In intensity of storms. These atmospheric phenomena
_ are fundamentaliy affected by changes In the general circulation of the atmos-

| ptere. The presence and orlientation of the coastal Cordillera provide additional
i control of changing conditions., Elevations sufficient for glaciation amp!Ilfy
the effects and make possible the preservation of a decipherable natural record

, of long-term atmospheric variations.

The North Paclfic/Aleutian low pressure system - 1at dominates the Gu!f of Alaska
and the southeastern Alaskan coast during the precipitation maximum of the fall
is not a static low pressure cnndition (Fig. 4). Rather, atmospheric conditions
In this area are part of the pianetary circulation pattern. Long waves of ]
global scale (Wave-lengths of 60° to 180°) steer the overall movements of weather,
while shorter waves superimposed on and within the mean long wave positions

' tend to generate and move Indlividual storm systems. The most probable locations,

) as well as intensities, of these wave patterns and their storm fronts shift over

! time. Thus, on a frequency distribution basis, the most probable locations and
movements of weather patterns vary over time.

The "Aleutian Low" represents a condition in which the planetary scale high-level
westerlles tend to be moving from a wave trough to a ridge as +hey traverse the
Gulf of Alaska. In fall and early winter, low-pressure cyclonic storm systems
tend to generate In and move through this area, Iintensifying as they move from
trough te ridge. These storms, moving In a generally northeast direction (Figs. 10,64), ;
bring clouds and heavy precipitation to the coast. As the storms pess the ridge

*¥ This and the following meteorological analyses (Section F) have been

prepared in cooperation with Vernon Jones. A more comprehensive report on
the glacio-climatology of the inland sector is presented in hls thesls
(Jones, 1975),
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of the tropospheric wave, they tend to turn southeastward and deteriorate.
I f they malntain coherence untl| reaching the base of the trough over the
southern 48 states and begin to move ridgeward again, they may reform or
even intensify into full-scale rejuvenated storm systems (Fig. 10),

The "Polar High" (Fig. 4) is a condiftion during which the high-level
westeriies tend to move from a wave ridge to a trough. In this, high pressure
anticyclones generate In northwestern Canada and move southeastward across
the region of Montana and the Dakotas, bringing cold fronts into the central

, United States and helping to generate new storms as they encounter warm alr

§ systems from the south.

Therefore, when we speak of the interface between the Aleutian (sub-Polar) Low and
Polar High we are referring to the position of the crest of the planetary

; wave ridge of high-leve! westeriies over the Alaskan Coast in the vicinity

t of the Juneau lcefield. When this ridge Is located west of its "normal"
position, conditions of continentality move coastward. Thus in the vicinity

of the icefield atmospheric pressures become higher, cold 2ir mass characteris-
tics dominate, precipitation decreases, freezing-point elevations lower and
uitimately the low-level glaciers expand. When the ridge-crest lies to the
east, maritimity prevails farther Inland, preciplitation increases, temperatures
become higher, freezing-point elevations are higher and high-level glaclers
expand. There are also changes in direction of storm winds (Fig. 64),

v T e e

The relationship between relative wave ridge position In the troposphere and
precipltation patterns is shown in Figure 10.* In the zone preceding the
ridge position (assuming west-to-east air flow), the cell tends to uplift
and condense, bringing counterciockwise advection of moist air out of the
Gulf of Alaska and a consequent intensification and steering of low pressure :
storm systems, Alr moving from the crest to the following trough increases i
in anticyciogenesis. With subsidence of the cold and dry upper air, clearing
takes place and a clockwise advection of the polar continental air is generated.
This situation is Illustrative of the condition prevziling at the time of

' the satellite photo 1In Figure 4. (Also see Fiqg. 64a)

B i adt
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Frem the foregoing it is apparent that a fairly small shift in tropospheric
wave location relative to an area on the ground can change weather conditions
o in that area from a heavy to a light precipitation regime, or vice versa, 1hus
a persistent dispiacement of the mean ridge location for an extended period

of time wil! aisc mean consequent changes in glacier mass balance.

!
1
§
|

Millar's studies (1956, 1964a, 1972b, 1973) have demonstrated the significance
of geographical position and elevation differences in various glaciers In
terms of their out-of-phase pulsations in recent centuries. Miller and
Andarson (1974) have extended this concept to analysis of longer-range fluc-
tuations in ciimate-glacier behavior along the coast-to-interior atmospheric
gradleni discussed earlier in this report. Tallman (1975) and Miller (1975b)
have related this further to Pleistocene and Holocene glacial fluctuations

In the Atlin and Taku regions. A review of this topic is Incorporated at ‘
the end of this report to reveal how important an understanding of atmospheric *

* Fligure 10 is redrawn and superimposed on an outline map of North America

after O'Connor (1963).
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controls Is with respect to glacial behavior and terrain evolution in the
Holocene and Neogliacial that Is a basic concern of this study.

R A i

' The glaciers of the Juneau lcefield have been noted to be uniquely effective
recorders of climatic change (Field and Heusser, 1953). They not only provide

a means of correlating fluctuations with pin-pointed dates in the historical
record, but present paleo-climatic evidences covering periods far earlier

than any legends of man. An understanding nf the chronology that these glaciers
have transposed into physiographic features also provides possibliities for
extrapolating future conditions.,

Thus the climatological studies across +the Juneau lcefield, in which the Lemon
and Cathedral Glacler research programs are a fundasmental part, have important
time-dimensional as well as geographical significance. In view of the present
and pending environmental, energy and food crises, all of global dimension,

this kind of research with its Implications for man to understand and effectively
to use climatic trends assuredly is paramount to pursue.
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F. DATA ANALYSES OF REGIONAL METEOROLOGICAL RECORDS *

This section deals with the presentation and analysis of some of the typical
glacio-meteorological data related to the study area, highlighting records from
key locations in the station network on the continental flank of the lcefield
and from permanent weather observing sltes both Inland and on the coast.

For the inland sector, existing daily temperature and precipitation records from
meteorological observations at the Cathedral Glacler station (Camp 29) are compared
with those at the Atlin station (Camp 30). Although these daily records are
available only for the summer field seasons of 1972, 1973 and 1974 (since es-
tabilshment of the Cathedral station), they provide some basis for comparison
between this sector of the research area and Atlin, I8 miles to the north,

The meteorologlical records for Atlin covering the past half century are then
examined, Because the Atlin record is iIncomplete, a regional data base for
this continental Iinterior area is synthesized, using data from Atlin, the White-
horse Airport and Carcross, Y.T. (Figure 2), Similar long-term records for the
Juneau coastal area are then synthesized from Juneau and Juneau Airport records.

Following this, the climate on the coastal and Interior margins of the Juneau
lcefleld Is compared,

Although no meteorological records exist for the Cathedra! area prior to 1972,
observations have been made at field sites on the southern flank of the Juneau
lcefield for 30 years. Therefore, if relationships between the coast and in-
terior can be established from recent data and long-term regional comparisons
facilitated, we have a much sounder basis for analyzing past, present and future
glacio-climatic trends in this region.

Also, as previously demonstrated, a sharp gradient of continentality exists
between the coastal sector and the immediate Iinterior. In the preceding section
it was noted tha! this gradient is the area over which the tropospheric pressure
ridge fluctuates. Therefore simllarities and differences in climatic trends
across this region have considerable synoptic significance.

Short-term Meteorological Records at a Prototype Slte

Sources of Data

During each surmer field season detailed meteorological observations were taken
every three hours (0600 to 2100) at each occupied station on the icefield. Thus,
except for unavolidable problems such as equipment breakage or malfunction, or
field operations which prevented the presence of an observer at the scheduled
observation time, complete synoptic meteorological records are on file. For

Camp 29, the data cover the periods:

1972: July I|-September 19
19753: July 2-September 18
1974: July 5-September 12
1975: June 22-September 15

Similarly, records are available for the Atlin station, obtained by the same
standardized procedure and gliving a valid comparison of observations between
these two stations.

* In collaboration with Vernon K. Jones (1975}
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Anaiysis

Comparison of mean dally temperatures Is shown for both stations for the first
three years (1972-74) of the Camp 29 record (Fig. !!1). Temperatures generally
followed the same trends. Although Camp 29 temperatures ranged from |5°F lower
to 4°F higher than Camp 30, during the summer field season Camp 29 was usually
about 5° 10 7° cooler.

Precipitation at the two stations is shown in Figures 128 and 12b spanning the
period of record for Camp z3. Over these three summers, Camp 29 had 12.03 inches
o. precipitation. Camp 30 had 12.09 Inches.

Despit. the similarity in the total amount of summer rainfall, there were many
discrepancies within single storms and on single days. |t Is notud that pre-
cipitation in this reglon is aimost entirely due to the passage of low-pressure
systems rather than to convective instability. In such a situation sharp
discrepancies are observed even beiween adjacent stations in a dense network of
raln gages,

From this comparison of daily precipitation, It Is concluded that rainfall records
at the Atlin station provide a falr approximation of summer rainfaill at the
Cathedral research station. However, It Is not safe to extrapoiate this con-
clusion to the ramalnder of the year, due to vastly dil fferent atmospheric con-
ditions during the colder seasons. As an example of variations in winter con-
ditlons refer to the April | snow depth data for Atlin and Log Cabin noted

later In thls section.

Long-Term Meteorological Records

Sources of Records and Data Preparation

Useful in this study are the official government weather records obtained at
first-order stations at the Juneau Alrport and Whitehorse beginning In 1942 and
1943 respectively. Records also have been maintained at the stations noted below
by non-professional cooperative observers over varying periods of time. In this
listing, parentheses indicate a fragmental or incomplete record (see Figures |,2 and i
3 yor site locations).

Atlin, B.C. 1906-45; 1967-71; (1972-75)* i
Carcross, Y.T. (1909-13); 1914-26; (1935-40)

Englineer Mine, B.C. 1926-28; (1929); (1975)

wWhitehorse Alrport, Y.T. 1943-75

Juneau (City) Alaska (1905-11); 1912-69; (1970-71)

Juneau Alrport (1942-45); 1946-75

Complete records do not exist for any single station In the region. Therefore,
In order to havs data covering an adequate time span it has baen necessary to

posgimosbeig Ao

* |t is noted that the JIRP At|in station has maintained full synoptic records
between 1969 and 1975, These are in more detal! and more consistent than the
government agent's records referenced here.
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develop composite and representative data sets from portions of records from

di fferent stations. In doing this, temperature and precipitation data have been
adjusted to common equ!valents to avold introducing apparent varfations that

coul be the result of combining records from different locations in the region,
For example, on the Alaskan coast if preciplitation data are obtained from Juneau
City records covering the period up to the time when the U.S. Weather Bureau

! Office was established at the airport, and data are aiso obtained from the Juneau
: Airport records, It couid appear that the Juneau area annual precipitation

' dropped abruptly by 38.5%, which was not the case,

By converting properly sequential records, however, for each region to long-
term equivalents, it Is possible to develop & continuous data base for both

the coastal and continental Interlor regions covering the years 1907 to present.
This particularly pertains to the comparison of mean annual temperatures and
total annual precipltation.

To obtain a set of mean annual temperatures that are representative of the i
immediate interior region near the Cathedral Glacier, the means of stations !
with overiapping records were compared. |t was found, for examplie, that A |in i
and Whitehorse Alrport temperatures are very comparable, while Carcross tempera- !
tures average about 1°F lower,

It was also found in determining representative coastal temperatures that for
the perlod of common record the Juneau Airport temperatures averaged 2°F lower
than the Juneau City temperatures. Therefore, where both figures are available,
the mean was used; otherwise the Juneau City temperature was used minus [°F

or the Alrport temperature plus I°F. The consistent discrepancy in mean annual
temperatures may be due to: (1) rooftop exposure of the city Instrument sheiter;
(2) the clty "heat island" effect; (3) the location of the alrport downstream
from the Mendenhal| Glacler vallay, exposing It to katabatic wind effects; and
(4) the alrport's position, exposed to the open water of Lynn Canal,

k. alniittery.

I+ Is also noted that since 1959 the average mean annual temperatures of all
stations In southeast Alaska foliowed the Juneau area temperature trend, but
with values consistently about 1.5°F higher.

Temperature Analysis

Temperature records for the immediate continental interior, representing availaole
data nearest to the Camp 29 research locale and for the Juneau area near Camp |7 1
were analyzed. The data were plotted graphicaliy and processed by computer, and !
the statistics developed from computer analyses were tested for leve!l of
signiflcance.

Frequency distributions were plotted for the mear annual temperatures for both i
regions (Jones,75)Several observations are noted from this record and from the i
accompanying computed averages. :

S ———— s v

(1) There is no overlap between the interior range in mean annual temperature i

of 25 to 36°F and the coastal range of 38 to 45°F, b
(2) The interior averages vary more, with a total range of 12° F,

compared with a range of only 8°F on the coast. |
(3) Mean annual coastal temperatures averaged 10.5°F, warmer, |
(4) The coastal temperature range is continuous and terminates sharply :

while the interior has outlying exfremes.
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(5) The range of mean annual coastal temperatures is skewed to the right,

while that for the interior hes relatively few years below the modal
number,

4 Actual mean annual temperatures for the continental Interior region and for the
: coastal Juneau region are shown In Figure 4. Two characteristics stand out:

(1) Sharp osclilations in mean annual temperature from one year to the
no§§. This 1s more pronounced In ?ﬁo Tn¥erior.
(2) 700r-fo-yoar temperature osclliations on opposite sides of the

; Juneau Icefield are In cbse agreement. In other words, the temperas-

: tures on an annual besis in both reglons, though quantitatively
* di fferent are quite paraliei and in-phase.

Since year-to-year changes are so extreme, It is nacessary to smooth the data
In order to determine If trends actually exist. Three methods were used: a
weighted moving average; a |inear regression; and a polynomial regression.

Welighted Five-year Moving Mean

in this method a welghted average was applled, of the form:

x= 0.1 (xn_z) + 0,2 (xn-l) + 0.4(x) + o'qun+|) + 0.1 (xn )

-2

x represents the mean, x the mean annual temperature of a given year, and n
the central year of the particular five years being averaged.

o

The purpose of the weighting was to avoid the Slutsky-Yule effect (Mosteller

et al, 1973). When an un-welghted moving average is appllied to a series of .
random numbers, an apparent periodicity is generated. In research Invoiving a L
serles of temperature data, such an effect can generate a spurious apparent .
cyclicity or can mask a real pattern which does In fact exist. The five-year
welghted moving average Is shown In Figure !4, with Inland and coastal areas plotted.

er—— W

Inspection of the data shows a cyclical upward trend in S.E. Alaskan coastal ;]
temperatures until the early 1940's, followed by a downward oscillation

since that time., Periods of osciliation are roughly between 13 and 17 years
in length. Again, the perlodicities In the Interlor and cosstal sectors agree.

et o o o e
o

Magnltudes of the oscillations in the weighted five-year means are also affected
by two factors: (i) the level of extreme temperatures and (2) the persistence

of departures from the central value. While 1927 was the pesk year for tempera-
ture it was between two below-normal years. Persistence of above-normx| annual .
temperatures from 1940 through 1947 gave a very positive level In the five-year !
weighted average. Similariy, temperatures consistently below normesl for 1948 S
{ through 1951 without a warm year between gave a low point in the moving average.

Linear Regression Analysis

A relatively simple method (Blaylock, 1960) of determining the rate of change
in a varlable over time is a simple linear regression of the form:

e et ke o ki s -

y =a+bx

Application of the appropriate statistical formulae provides values for a and
b In which a Is the point at which the regression |ine crosses the y axlis,

e e A o T o
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b represents the slope of the regression line and x is the value of the
independent variable (in this case the year) for which the dependent variable
(the predicted temperature) !s to be determined. For our purposes, x Is the
first year in the series and x_Is the last year. The slope of the |ine (b)
and the value of y when x = 0 provide Information as to the magnitude of the
change. This Is applied to net change in the value o’ the dependent variabie
from the beginning to the end of the period. A dependent varlable could rise
to a high value in the middle of Its range and then return fairly symmetrically

to its original vaiuve, and a linear regression could indicate that no change
had occurred,

e T Y Y
——

Reglonal temperatures peaked in the early 1940's after osclilating upward
since the beginning of the climatic record. After that time they have os-
cillated downwards. Therefore the |inear regression analysis as applled
separately to both coastal and Interior records Is broken into two parts. The
first subset for each location Includes the years from 1907 to 1943 and the
second subset covers the period from 1944 to 1973,

e g——— =y

A caveat Is in order when applying |lnear regression techniques to oscillatory
data such as these temperature records. The slope of the regression |ine may

be condltioned by the portions of local oscillations on which the regression

Iine ends. In other words, starting at the low polnt of a cycle and ending

at the maximum of a later cycle can exaggerate the slope, while starting at

a high polnt and ending at the minimum of a later cycle will minimlze the siope.
where the range of oscillation Is greater than the long-term change In trend,

as In the case with our data, the latter error may reverse the sign of the

‘ slope entirely, Results of the Ilnear regression analysis are shown in Figure |3,
Coefticlients were computed by a scattergram computer program.

v Y . Tv T

Polynomial Regression Analyslis

! Since plotting »f the five-year welghted mean temperature data showed an apparent o
i quasi-periodiclity, a polynomial regression computer program was applied to the
temperature data from the coastal reglon and separately to the data from the

interior, for the period from 1907 through 973, The predlictive equation for
the polynomial regression lIs:

_ 2 n
y =at b!x + b2x + ....bnx

In this equation a is again the y intercept of the equation and b is the mean
slope ot that segment of the line, The unit x is the value of the Independent

\ variable, while y is the predicted value of the dependent variable (temperature)
X for that value of x (the year). The exponent of the value x Indicates the tg
degree of the equation in that segment (Blaylock, 1972). The degree of the .
equation may be defined as one less than the number of times the value of the
slope changes signs. For exEmple, if the slope of the segment b, x is poslﬂve,3

the slope of the segment b,x“ will be negative and the siope of the segment b3x oo
(third degree) will be poSitive. ‘

A polynomial regression provides 1he equation and hence the plot of a line whose :
formula contalns the fewest degrees o’ x (in essence, changes In sign of the

slope of the curve) which are necessary so that the improvement of an additional

degree does not glve a significant Improvement (decrease) in the sum of the squares

of the deviations of the observations from the plotted polynomial regression line.
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Results of the >olynomial regressions, specitically concerning temperature
fluctuations and trends, are shown In Figure I3, This analysls, too, showed a

regions| tempersture maximum in the early 1940's and s very sharp drop in
recent years.

The value piotted for a given year Is affected by the observed values of those
preceding and following the given year. As the computer print-out plots show
3 tendency for the unsupported end value to go to extremes, the valuos com-
puted for the flrst and last three years were deleted.

Since we are dealing with two different series of oscillatory trends of cpp.site
slopes, the polynomial regression was applied separately to the two secments

of data., The results agree remarkably well| with the five-year welighted

moving averages for both the coast and the Interior temperatures (Fig.!4).
Again, unsupported extreme end values were deleted, although this caused a

gap In that part of the polynomial regression graph representing the early
1940's,

Reg ional Temperatures

Observations and Conclusions

The following observations and conclusions regarding regional temperature
patterns emerge from the foregoing analyses:

(1) Annual mean i‘emperatures In the interior are consistently colder
than on the coast. (nterior means range from 25°F to 36°F, with
a mean of 30,75 °F from 1907 through 1973. Mean annual temperatures

in the coastal Juneau arez range from 38° to 45°F, with a mean
of 41,4°F,

(2) Interior temperatures closely parallel those of the coastal region.

(3) Visual Inspection of annual mean temperatures in the 67 years of
record reveals a pattern of about four quasi-cycles with a mean
length of about |7 years,

(4) A five-year centrally weighted moving average reveals and corro-
borates the above patterns more clear'y. The first three oscillations
are consecutively more pronounced, with the third peaking in approximately
1944, The fourth Is of notably less magnituds. )

(5) The pattern of {..e five~year means !s more erratic after the
1950 minimum,

(6) Temperatures have been In a downward skid since 1959, the cooling

trend hav, opped even more sharply since a minor respite in
1967-69.

(7) Patterns are somewhat erratic for accurate prediction, but a sub-
Jective projection of the trend suggests that mean annual temperatures

twenty years from now will be far beiow any yet experienced In this
century,

e e - —— —
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Regional Precipitation Analysis

Comparative annual precipitation totals for the coast and Interior region are
shown in Figure 17. |t was necessary to use an expanded scale for the interior
gata to allow effective visual comparison., Precipitation in this Interior
region averaged 11.03 inches per year over the period 1907 through 1974, Tnhis
is only 12,8 & of the 87.1 Inch yearly average at Juneau for the same period,

clearly illustrating the sharp gradient of continentallty across the Juneau
lcetield.

The validity of using Juneau City precipitation values as representative of

the coastal sector is supported by the close agreement in trends and in means
between Juneau City (93.1 inches) and all southeastern Alaskan stations

{92.0 inches) for the period 1959-73, In a statistical analysis of preciplitation
data covering 64 stations along the Alaskan coast for the period 1907-1962

“itler (1963) demonstrated unusually high correlation coefficlents of 0.80

to 0,94, strongly supporting this conclusion,

In order to smooth the cdata and more clearly reveal trends, five-year weighted
moving means were applied to annual precipitation records using the same
formula as with the annual mean temperatures. Analysis of Figure 18

reveals no clear-cut trends over time, with the exception of a relatively dry
period along the coast around 1910, A roughly approximate seven-year periodicity
appears alcnz the coast, except for the 1910~-17 period. |f the 1965-~72 period
Coes appear, it has a sharply restricted maximum, The existence of a seven-
year pattern is much less clear in the interior. Oscillations in precipitation
in the interior show some slight tendency to be in-phase with patterns along
the coast during parts of the record, while other parts show no trend toward
parallel variation, There appears to be no tendency toward diametrically out-

of-phase variation. Parallel phasing is more pronounced in patterr although not
in magritude toward the end of the study period.

Reqgional Temperature and Precipitation Relationships

The work of Anderson and Miller (Anderson, 1970 and Miller and Anderson, 1974)
~3s sheoan some relationship between temperature gnd precipitation over the time
=t fne =olocene, a time scale on the order of 10~ years. In the Taku District
near the coast, warmer temperatures have been associated with drier perioags.

In the interior Atlin District, warmer temperatures were associated with wetter
conditions and increased storminess. The latter condition would suggest an
eastward shift of the tropospheric ridge, with inland penetration of dominating
low-pressure cyclonic conditions. From a study of the Wisconsinan moraine
sequence in an interlobate sector of the Atlin region over a longer time span,
Tallman (1975) has presented some evidence that this shift has taken place
during the larger climatic changes of the Pleistocene.

i ive-year weighted moving means of temperature and precipitation were plotted

for the coastal region and for the interior(Figures 19,20 shown together for comparison;.

As was the case with temperatures, existing patterns broke down after the
peaking of temperature trends in the early 1940's. Prior to the 1940's, tempera-
ture and precipitation had a strong tendency to be diametrically out-of-phase.

Since that time, there has been a tendency for the patterns to be in-phase
along the coast.
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Figure 21 shows the pattern of snowfall accumulation at the Juneau Airport

for 1943 through 1974, revealing a seven-year periodicity and a general upward
trend. Total precipitation displayed a seven-year periodicity from 1917 to
about 1941, when the pattern broke down. A shert six-year pattern reappeared
briefly from 1947 to 1957, atter which the pattern again broke down. When the
five-year snowfall mean is compared with flve-year temperature means I|ittle re-
lationship appears. Similarly, flve-year average snowfall bears |ittle re-

fationsnip to total precipitation trends which lag one to two vears behind the
temperature trend,

In addition to the change in patterns of temperature oscillation and the phase
reversal of the temperature-precipitation relationship after the early 1940's,
the most recent behavior of temperatures emphasizes the anomaly. An upswing
in the I3 to |7 year temperature oscillation, which past patterns suggest as
being at a maximum about 1975, has elther not clearly begun or e!se appeared
only faintly about 1969 followed by a sharo drop In temperature. Annual
temperature means over the next several years will be critical in suggesting

what paths, anomalous or otherwise, temperatures may take and the magnltude
ov the change.

in terms of human catastrophe, extreme climatic changes have been painfully
obvious on a global scale in the past seven to ten years. Many causes have
been suggested to explain what in the popular press has been called the
"ominous" changes in world climate. The tist of possible causes includes
particulate and chemical air pollution, Increase in carbon dioxide, effects
of atomic bombs, over-grazing, agricultural land and forest-clearing fires,
and most recently aerosol cans...with the chlorine in thelr Freon propellant
z2pparently reacting with ancd destroying the protective shleld of ozone in the
nigh atmosphere. |t may be that man has already set In motion the forces for
his own doom (Fortune Mag.,Alexander,74) It may be, on the other hand, that
his pollutants may have no real effect In comparison wlth natural processes on
a global atmospheric scale (Willett, [1975).

1t may be that doninance has shifted from one atmospheric control to anothar.

Or that the atmosphere is merely returning to more normal conditions after a
40-year period of abnormally tavorable weather, so that we need to look for the
cause of the inlitjation of the "anomaly" rather than for a cause for its effects.

Solar Cycles, Temperature Trends and Glacier Regimes

Many investigators have noted relationships between weather and the occurrence
and periodicity of solar disturbances, i.e., electro~magnetic (wave) radiation
and charged particle {corpuscular) radiation revealed by sunspot variations
(Miller, 1956, 1972; Wiljett, 1975 and other pubitcations)., To expiore this
relationship the five-year weighted moving mean of annual average temperatures

for the coastal region is plotted against the Zurich average annual sunspot
number (Rz) as shown in Figure 22,

Lack of a discernable relationship between temperature and sunspot data is
supported by a statistical corretation of 0.024. Application of temperature lag
times to account for the oceanlic heat sink effect provides an ever poorer fit,
Simllarly comparison of short-term sunspot numbers with precipitation patterns,
both on the coast and in the Interior, show no closer relationship. It Is
concluded that any existing short-term retationships between temperature ani

the 10,8 year solar cycle are too complex to discern readily and hence if such
do exist the proof will require more sophisticated analyslis.
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Because of these difficulties, another spproach was taken. For exampie, mid-

18th century lichenometric dates on major Little lce Age glacial advances in

tha study area were used as benchmarks for Inferring postulated glacial regimes.
This pertains not only to the Cathedral, Lemon and Ptarmigan Glaciers but

also to the known recent behavior of other glaciers on the Juneau lcefield (see
Parts £ and XI), Known and inferred temparature patterns in the Juneau lcefield
region were plotted. Finally, for comparison, the Zurich sunspot numbers from
1749 through 1974 (Appendix C). were plotted on the same time scale. The results
are shown in Figure 22.The following relationships are apparent:

(1) Perlodicity of glacier behavior is very close to 9C years.

(2) CGlacier terminal behavior lags behind temperature patterns by
about a half cyole (45 years). The glacler advances during a period
of rising temperatures and retreats during the cooling portion of
the apparent 90-year cycle.

(3) Short-term temperature changes do not appear to be related to short-
term (10.8 year) zolar cycles. The inertia and lack of resolution
of finer climatic perturbations in the system may be too great to
allow detection of changes at this scalse,

(4) During the Little lce Age, glacier advances appear to have occurred
during and after the minimum portion of the 80-90 year sunspot cycle.
Retreats tended to occur during and after the maxima of these
"long" cycles.

—
(N1}
~—

Temperature peaks tend to lead the 80~90 year solar peaks by about
I5 years, This bring up a tantalizing question concerning what has
been considered by Miller (1972P)to be a 15-year cooling iag r
attributed to the heat sink effect of the North Pacific Ocean.

If indeed there is 4 close solar-temperature relationship, over the time scale

of this study there may be a slight drift in the retationships of temperature

and glacier regime in comparison to patterns of solar behavior. In the absence

of known causal factors, it is suggested that we may be witnessing the in-phase
coincidence of two unreiated cycles of slightly differing lengths. Thus not

on a scale of the three "long" cycles plotted in Figure 22 but of ten, twenty, or
fifty, the relative patterns could be completely reversed.

Relationship to Global Atmospheric Circulation

A hypotheticai causal mechanism was suggested 20 years ago by Miller (1956}
which is counter to implications of the idea in the preceding paragraph. Solar
activity affects the emission of energy from the sun part]y in the form of
particulate matter (corpuscular radiation). These charged particles are to

soma extent channelled to the magnetic field, as has been considered In previous
JIRP publications (also see Miller, 1963, 1972). The resulting energy~input
causes fluctuations of the wave-length of the circumpoliar westerlies, changing
the location of the tropospheric ridge along the coastal mountains of Alaska-
Canada. The relative locations of the mean low pressure systems in the Gulf of
Alas:a (Aleutian Low) and areas of anticyclogenesis in the Interior (Canadian
Polar High) would thus be a reflection of ridge locatior. In turn , temperature
and accumulation changes In the Boundary Range would be affected., Such changes
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in temperature and precipitation regimes ars integrated in the behavior of
glaciers and ultimately in the landforms +hsy produce. But some inconsistencies
might appear to remain in this mechanism. For example, we should expect Increased
energy to increase the activity of the westerlies. But would not the increased
turbulence and meridionality, being due to increased thermal contrast, mean
colder polar areas, with less energy (Jones, 1975)? The answer |lies in apprecia-
tion of the fact that we cannot restrict our visw to one corner of the system.

Wwe must continue to consider the whole...i.e.. ‘i * : ozl ~ele circuiation.

The Phasing of Temperature and Procipitation Pe- .i:zivis:

Short-term comparison of daily meteorclogical obser.::i:ons at The Catheur i
Glacier (C~-29) and Atlin (C-30) research stations during recent summer seuiins
reveals that at Camp 29 the average {ewperatures ars 5 to 7°F cooler, -u+ that
total precipitation Is abou® iho same casplite day-to-day differences. Kecords
tfor the wintser seasons are not availarle ot Camp 29, so comparison is restricted
to the summer months. A summary ..f mean annuai tempe~ature and precipltation
batween the coastal area #nd the interlor is given below.

Summary of Temperature/Precipltation Data

Coast Interior
Range of Mean Annual Temperatures (°F) 39--45 25-38
Amount of Range in Mear Annual Temp.(°F) 8 12
1907-73 Average of Mean Annual Temp. (°F) 41.4 30.75
1907-73 Average of Annual Precipitetion 87.1 in. 11.03 in.

The wider range in mezn *amperctures in the interior reflects the continentality
gradient. while mean arnus! temperatures fluctuate sharply from year to year,
tne fluctuations are usualiy para!iel between the coast and the interior. Rain-
tali pattorns between tne two regions ars much less in pnase. The extent of
phasing that occurs varies considerably over time.

Tha analytic tecrniques applied In this study, including graphic analysis and
linear and polynomial regressions, reveal an approximate |7 year periodicit

in temperaiures and a2 less distincr 7-year pattern In precipitation. On E—¥bnger
term basis, ‘emperatures have generally moved upward from 1907 (the start of

the record) until the early 1940's, Since then they have moved downward, with
the rate of decrease accelerating over the past decade,

The most sicnificant observation developed in this analysis is that the
nature of atmospheric relationships has changed with or shortly following the
peaking of mean annual temperature trerds in the early 1940's. As patterns of
temperature oscillations changed, the phase relationships of temperature and
precipitati -i» have nearly reversed. Also, tempcratures in the past five to
ten years have droppea much more sharply than earlier patterns would suggest,
and the tentativa outlook I for this trend to continue despite short-term
upswings. ‘he oussticn arises as to whether the snarp temperature drop since
the early 1960'; is a natural ciiwatic trend or an anomaly. Field data on
the Juneau Inefield Research Prngram over the next five years should provide
a clearer ~icture of the short-teim s. ‘nation and a better idea of expected
trends an. bac::: causal factors.
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PART 11i INVESTIGATIONS IN GLACIO-HYDROLOSGY

In 1ine with our objectives to study processes In thelir relatlon to terrain
evolution, several special studlies are discussed in the following pages.

The first of these describes and ulscusses the processes of a self-spil!iing
lane on the Lemon Glacier and its affect on Jokulhlaups (glacier bursts) n

the Lemon Creek Valley (Miller and Asher, 1975). The second treats the general
hydrological characteristics of the Lemon-Ptarmigan glacier system (Brush, 1972)
and a third considars a preliminary assessment of the Cathedral Glacier hydro-
logy, where such fascinating problems as the evolution of sine-generated curves
in supra-glacial streams are found (Nishio and Miller, 1972). A fourth reports
on the regime of ephemeral supraglacial lakes, emphasizing the detection of
thawing firn on the Juneau lcefleld using ERTS satellite Imagery (Bugh, 1975).
(This technique has large potential for monitoring future changes.) A fifth
discusses the thermal erosion of fluted surface channels on the Vaughan Lewls
and Gilkey Glacier systems (Pinchak, 1972, 1975),

Other shorter studies are reported referencing the field work of Dr. Edward
Little (1972) and Dr. Gorow Wakahama (1972). Special assistance In these
studies Is acknowledged to Richard Heffernan, John McCracken, Clarke Petrie,
Gregg Lamorey, Paul Willls, Howard Langeveld and other fleld assistants and
participants on the Juneau icefie!d Research Program between 197| and 1974,

The individual reports within this discipline of special environmental con-
cern follow.

[r gy e
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A. A SELF-DUMPING GLACIER LAKE AND RESERVOIR CAVE ON THE LEMON GLACIER*

Ephemoral self-dumping water bodies Impounded in and on glaciers (v.Fig 78) have
been the subject of much interest in recent years (Stone, 1963). Such a supra-
glacial lake occurs at the head of Lemon Creek Glacier*¥, at the extreme souvh-
western edge of the Juneau lcefield and bui a scant 5 alr miles (8 km) north-
east of Juneau (Fia.Z3). What distinguishes this lake is a uniquely associated
glacier cave system. The accessibility of the lake and its englacial cave
(Fig.24) permit continuing and detalled measurements to be made of key hydro-
logical and climatic factors affecting this glaclier's regime.

Although the literature on glacier caves has been increasing, a consensus ter-
minology has not yet been developed (Halliday, 1966; Peterson and McKenzie,
1468; licKenzie, 1969, 1971; Kiver and Mumma, 1971; Miller, 1972c). Because
of the unusual characteristics of the cave system, in this presentation [t is
referred +o as a composite cave. Its extensive englacial tunnel system was

surveyed in August and September 1972 and again in August, [1973. The resulting
maps are shown in Figures 24 and 25,

Hydro-environmental Imoiications

Liquid water associated with glaciers and with their supraglacial and englacial
reservoirs occurs in large volumes, and in many cases can represent a useable
tydrologlical resource ( U.S. Geological Survey, 1971). in Europe some glacier-
fed streams have been tapped for hydro-electric purposes ( @strem, 197%).
Especially In Norway, France, and Switzerland, the need for water resources
a2lanninc has dictated that glacio-hydrological data be quantified. With such an
aim, long-range measurements have also been conducted in many other countries
with respect to the mass balance of glaciers during the International Hydrolo-
Gglcal Decade (1965-74),

In some glaciers, supraglacial lakes are uniquely sensitive measures of short-

term regime changes (Maag, 1969). FRapid and catastrophic drainage, as during

a Jokulhlaup*** (Thorarinsson, 1939), quickly covers flood-prone areas down-

valley with water roving at high velocity (Rothlisberger, I97I,72 phen this

occurs, any structure or habitation in the pro-glacial area can be in danger.

Summer time floods of this kind are found on the Juneau 'cefield. Prototypical
examples can be obsarved in the peripheral sec‘ors of the Berner's Bay Trench

and of the Tulsequah and Taku River valleys (Fig. 2), where large-magnitude
catastrophic ylacier-bursts occur. Every year these floods have been of much
concern to mining, road building and engineering operations in this region (Fig. 7%)
(kerr, 1934,36; Mitler, 1952 +63; Marcus, 1960; Post and Mayo, 1971). As more
development takes place in Alaska, it will become increasingly vital to under-
s*and and predict . is phenomenon and to survey changes in related supraglacial

and englacial drainage and reservnir systems. Between 1965 and 1974, monitoring

of the Lemon Glacier drainage has been carried out as part of a contiruing long-
term glaclo-hydrological study of this representative glacier system (Mitler, 1972b),

-—

* This section, prepared by Maynard M. Miller and R.A. Asher, is included with the
permission of the Journal of Glaciology. (Also see preliminary report by Asher e?
al (1974) and Appendix A, p. |, and photos p. 91 a, b)

** locally known ac.the Lemon Glzcler

**¥* Jcelandic for "glacier bursis"™, a spontaneous or catastrophic hydrologica! surge.
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Morphology and Drainage of the Englacial Cave

The supraglacial lake on Lemon Glaclier Is situated in a marginal moat at the

head of the glacler (Fig.23), This impounded water body Is known as Lake Linda
(Asher, 1970; Smithsonian Institute, 1971). The western cave )ntrance was first
discovered in 1969. In the summer of 1972, after Lake Linda ad completely
drained, this cave entrance was again exposed at the deepest (southwest) end of
the lake and another one opened up at its eastern end at Lynn Falls (Fig, 24),
These entrances permitted access for the complete mapping of the cave sectiun
lying between these openings. The exploration reveaied an elongated tunne!

with several distributary extensions beneath the ice, the total system of which
throughout most of the year serves as an extensive reservolir for water impounded
below the level of penetration of the annual cold wave from the glacier's surface.

The main body of the cave Is a half kllometer long, connecting Lake Linda to

Lynn Falls. The axial distance is 1470 feet (451 m), with the straight-line
distance between entrances being 269 feet (82 m) shorter. In the last two years,
the cave has been accesslible In late summer, after the entrances opened and the
lake had fully dralned. DOuring the rest of the year, the cave has remained
either partly or totally fiooded with Its entrances buried by winter snow.
Partial flooding Is suggested because of the abundant stalactites, ice stalag-
mites, ice draperies, sublimation crystals, hair Ice and other glacial speleo-
thems found In the cave system soon after its entrances opened.

The cave reservoir is, in effect, a sub-glacial extension of Lake Linda. In
recent years there has been no evidence that water from Lake Linda has drained
via this tunnel through the moraine-capped headwall col into Saimon Creek Valley
to the south (Fig. 23). in every summer over the past decade, Lynn Falls has
become dry before onset of the lake's drainage. Usually the drainage requires
several days to run its course, but on occasions the self-dumping process has
been observed to be completed in a few hours. Because the falls, prior to
drainage, become dry, the water must pass down-glacier through the severel dis-
tributary channels in and beneath the ice until it reaches the Lemon Glacler
terminus. The straight-line, down-valley distance for this flow Is approxi-
mately 4 miles (6.5 kms),

During the spring and summer melt-season when there is coplous melt-water in

the firn-pack, Lynn Falls serves as a release mechanism to maintain the hydro-
loglc level of the headwall area at a relatively stable position. The situa-
tion may be likened to that pertaining with an overflow gutter around a swimming
pool. The falls drain off water above a certain level, but when the water sinks
below that level there Is no effect and the waterfall channel becomes abandoned.
In the case of sudden releas. . “ water from Lake Linda (again as in the swimming
pooi analogy when a plug Is "puilled"),all water goes down the drain. In this
field case, the drain is simply the lowest outlet of the glacier's reservoir
system,

Surface and Sub-surface Mapping

Although mapping of the Lemon Glacier has facilitated the study of ice movement
atv ..e glacler's surface, measurements of englacial flow and basal slip have

been difficult to obtain. Such measurements can, however, be made in this kind
of tunnel system in sectors where it reaches bedrock. During the 1972, 1973

and 1974 seasons, geophysical investigations of ice thickness and related surveys
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of position stakes at the ndvé surface were made in the glacler's uppermost
accumulation zone. Seismic, gravity and magnetic stations were positioned di-
rectly over the glacier cave (Hinze, Kellogg, Shaw and Stallwood, 1973), with
each located on the surface traverse from survey stations 37 to 43 (Fig. 24).

Glacier depths from the névé surface to the tunnel ceiling were as much as
79 teet (124 m),

An IR Distance Meter (accuracy + lcm(.4 in) in 2 km (1.2 mi) and a T-2 theo~
dolite were employed for survey control at the cave entrances and for related
névdé transects above it. In the 1972 mapping project, tape and compass sur-
veys were made on the tunnel floor, with bench marks established in bedrock.
The longest chained section was 182 feet (55.5 m), between s+ations 17 and 18.
The shortest was 8.17 feet (2.5 m) between stations 3 and 4. The survey
started at Lynn Falls and ended at Lake Linda. Closure was accomplished by
reference to bench marks un bedrock on the western shore of the lake. Surveys
were checked by reverse traverse and accuracies obtained within 2 inches

{ ¥ cm) at each of the 27 control stations. In 1973 the cave system was re-

mapped, this time using a T-2 theodolite for a complete transect of the
tunnel (v, later dlscussion).

Within the cave,calrns were erected at all numbered survey flags and cross
sections sketched at key points. Slope distances between survey stations

wore measured by tape. Measurements for the cross-sectional plots were
obtained using a telescoping stadia rod extended horizontally between cave

walls and vertically between floor and ce!ling. Map distances were cal-

culated from horizontal and vertical angles taken in both directions at each
survey site, Many problems were encountered In using the surveying instru-
ments with flashlights in a black and constantiy dripping cave. Bedrock

was exposed intermittently on the cave floor, with quantities of rock and

ice rubble present elsewhere. Several distributary drains extending be-

r2ath the main body of the glacier to the north were explored for short distances
but tnhese thinned to Impassable dimensions. Ice pillars extending downward from
moulins were observed, as well as tectonic (flow) foliation on the glacier's
bed. Thrust structures were also exposed on the floors, walls and cel lings.
Specific locations of these features are shown In Figure 24,

Two maps producec in 1972 show a longitudinal cross-section and a sequence

of lateral plots of the main cave on a planimetric base. These are presented
in Asher et al (1374) with the longitudinal plan and cross sections repro-
duced in Figure 24, On the latter plot survey station 24, at the Lake Linda
entrance, is seen to be 16,4 feet (5 m) lower than station | at Lynn Falls
(referenced In later discussion). On the more detailed planimetric maps (Fig.
24, upper), information on the physical character of the cave Is given.

A third map produced during the 1973 field season (Fig. 25) , also with
longitudinal plan and cross-sections, shows the configuration of a main dis-

tributary arm of the cave system at a point originating just below the Lake
Linda entrance of the main tunnel.

To facilitate re-mapping the cave, permanent survey markers were implanted
on the floor in 1972. At several stations, crosses were chisslled in rock

and at four locations meter-long steel pipes, appropriately coded, were
driven Into dense glacier ice.

. ,,.L—-J
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The survey control could be enhanced by direct mepping of a common point on the
surface of the glacier and directly beneath, inside the cave. This should dbe

done via a bore~hole, although possibly a moulin could be used. Since fleld con-
ditlions have precluded drilling a hole and the moulins have not been sufficiently
exposed in the last two years, It has been essential to extend the survey control
into the cave from the entrances. The northeasterly trending extension (Fig. 25),
which was covered in 1970, was found to be open enough In 1973 to explore and

map. In (974 it was not until early August that the reservoir tunnel first opened
enough via drainage of Lake Linda to allow re~mapping. During this project, a
total of 17 of the 27 flagged stations from 1972 were found in place. Ten flags
could not be recovered, five having been lost in the water-swept entrance section
of the cave., All the steel pipes Imbedded as englaclial bench marks in 1972 were
found In 1973, having remained Intact In the dense glacier ice on the tunnel floor,

Glaciological aspects of the 1973 study compared with those of 1972 are con-
sidered later.

lce Speleothems and Sublimation Features

The Lemon Glaclier Is geophysicaliy Temperate. On its highest névé at 4200 feet
(1,243 m) the cold wave by early Mairch has ranetrated between |0 and 15 meters
beneath the glacler surface. Every spring this cold wave dissipates and returns
the glacler to 0°C, usuaily by the middle of May (Miller, 1972 b). The character
of thermal penetration is revealed by data from thermistors drilled Into the lce
from the glacier's surface. Because of the temporary sub-freezing conditlions of
winter and spring, much cave coral develops from dripping and splashing water
and many sublimation crystals form over the cave's floor, walls and cetlling.
Surprisingly some of them survive well into summer. By August, however, wlithin
the cave the temperatures of lce, air and water equalize at close to 0°C. It

is probable that in some summers slightly sub-freezing conditions pertain within
some sectors of the Ice, as has been described In a Temperate to sub-Temperate
glacier cave at a comparable elevation in Norway (McCalt, 1953).

As our mapplng progressed, many of the frost features melted out, especially in
*he i 723 areas between survey flags | through 4 and 21 through 24, where

the exposure 1o warmer outside air over a few days produced notable changes. Near
survey stations 16 and |7, some crystal boundaries within the glacler were ob-
served as beautiful ly etched at the surface in dense bubble-free glacier ice, with
individual zrystals messured up to 10 inches (25 cm) in length. These also showed
stress orlentations paratie! to foliation In the Ice at places where the over-
lying glacler was upwards ~¢ "' meters thick. Also ornate sublimation crystals
ware seen and much hair ice was found to extend up from the cave floor In dellicate
"spaghetti'-like shapes (helictites). Over large areas these crystal forms

stood on end iike bundles of straw tc helghts up to two inches (3 to 5 cm). Others
wera planar In form, some represente. by unusually well-developed Tyndall

figures, most of which melted away In the first few weeks following the freezing
<»ason. Freferred locatlions of ice sub. mates on the floor fed to our bel’sf
tr2*, irdeed, sub-freezing temperatures are retained beneath some portions of the
cave. Organic material, some heath aind grass and black organic sludge, was also
found i«.corporated in dense water 'ce vetween stations |7 and 18, These remains
may be pre Little lce Age in origin, which , If true, has significance with re-
spect to the iniii~tion of the cave.

One of the most striking festures were the ica pillars( columns) near the bottom
of moulins and extending down through the cave ceiling. These varied in sizs from
8 feet by | foot in diameter (2.5 m by .35 m) to 33 feet by 4 feet ( 10 m by

1.3 m) (Fig., Il). The columns ware often deformed and twisted and showed the

prapr




f e ——————. —— = =

-48-

effects of stress. Th-y were the result of freezing water percolating down from
the restricted base of .oulins or other percolation channels through which
drainage into the tunnel had been achieved (note ice column locations on map in
Fig. 24). Some plllars were found to be hollow. If after formation they re-
mained in contact with the celiing and floor, they became deformed py shear
stress from glacier flow,

A Sub-Glacial Reservoir

The conslderabic size of the tunne! system adds about 40 per cent to the volume
of water impounded in Lake Linda at its maximum filling. This substantiatly
Iincreases the |lquld water capacity of the headwall sector of the Lemon Glacier,
The slow drainage of Lake Linda during the summersof 1969-74, even when the

lake surface rested below the cu’ilow level of Lynn Falls, corroborates the |dea
that this system considerably extends the storage capacity of the lake. Also

1t should be noted that some Impounded water, as well as the uninterrupted
dripping off the ceiling, comes from side-wall drainage and surface melting

ot *he overlying firn. The vertical extension of moulins and crevasses Is noted
in the cross-section mauy where Ice columns have developed,The horlzental and vertical
locations are Indicated In Figure 24. This Is also we?l documented in “iller
and Asher (1975).

Though the 1969-74 period of this study has revealed a normally slow outfiow from
Lake Linda, it is of Interest that In 1967 sudden drops In the lake level were
observed and recorded (Thorndike and Twomey In Miller, 1972). (Another such
rapid drop was observed from August 2 to 5, 1975). The former is reflected Iin
the hydrometric plot of Figure 25 which shows the daily discharge of Lemon Creek
at our stream gage site, |.5 miles (2.5 km) down-valley from the glacier snout
(Fig. 23). iIn ttis hydrometric plot, covering the full 1967 ablation season,

the occurrence of three Jokulhlaups Is suggested...l.e., on July 29, August 20
and September 6. At *these times Lake Linda was observed to drain ra: diy, with
the drainage In each case completed in less than 12 hours. Also at these times,
no increase In waer flowwss observed at Lynn Falls so the dralnage Is concluded
to have been sub-glacial and responsible for the above-noted anomalous peaks in
the Lemon Creek hydrometric curve. The study of rainfall histograms at the bottom
of Figure 26 suggests that these peaks cannot be correlated with significant
abriormalities in precipitation.

The cause of hydrologlcal surges is not clear, but it presumably relates to
unplugging of sub-glacial channels down-valiey from the headwall tunnel. |t
may also elate to sudden adjustments to stresses within the ice, resulting In
opening of new passageways. The question of unplugging In ice-dammed |akes
has been theorized by Gien (1954) to relate to development of a critically
limiting hydrological head. Comparison of continuous hydrometric and meteoro-
logical records with sequential changes in the |ake-water level (volume varia-
tions) and pressure fluctuations in its tunnel extension could clarify the
causal factor (Rothllsberger, 1972) or at least throw more |ight on the fre-
quency of Jokulhlaups., 1t is relterated that In the four summer seasons of
1971-74, the drainage has not been observed to be spontaneous or catastrophic.
It is further noteworthy that these four summers have been unusually cool, with
ndvéd=1ines tending to be lower than normal,
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in mapping the glacial stratigraphy and ice/bedrock contacts, old dense glacier
ice was found on the north side of the cave, Here It isconsistently overlain by
cleaner and younger bubbly glacier Ice, In a few areas, older glacier ice also
occurs on the moraine side of the cave but exlists as an ice-core beneath morainic
rubble. Some of this had formed when the glacler bulflt up against the headwall.
As the firn-pack crested higher than the headwall, the glacier deposited the
moraines along the top of the cliff. This zone of lce-cored debrlis, therefore,
became easily disconnected from the maln glacler during Its next Interval of
downwasting and retreat. As the crystal slzes In this older Ice are very large
(some the size of a man's head) and In some sectors do not reveal a preferred
tabric. They seem to suggest considerable age and growth under downwasting
conditions involving a long period of stagnation and relaxation of flow stress
within the Ice. The fact that some of this ice is also free of alr bubbles

and dirt is transparent for distances up to 2 meters, suggesting that It may
also relate to old, marginal lake ice from an enlarged moat-lake. I+ could,
however, be the relict of basal melt-water frozen near the axial position of
earlier tunnels. The occaslonal presence of a thin layer of siit at the Inter-
face of some of this old dense ice and Its overlying bubbly glacler Ice would
seem to corroborate this Interpretation.

It Is concluded that this glaclier tunnel remains in the same position from year
to year, |t probably changes lifttle except at the cave entrances where, since
1965, drastic changes have been observed from year to year. In fact, in 197C

and 1973 a subslidiary cave entrance was found near the western entrance, as
described below.

A Distributary Drainage Channel

In 1970 a secondary dralnage cave entrance was found near the bottom of Lake
Linda and about 10 meters airectly beneath the main tunnel entrance. ODuring

1971 and 1972 this entrance remalned hidden by grounded bergs, but at the end

of the summer of 1973 it had reopened enough for a team to explore and map It

for a slope distance of 479 feei (145 m) In a N-NE down-glacier direction
(Fig.25 ), as opposed to the W-SW across-glacier level ot the main tunnel pre-
viously described. At its deepest point of penetration the passage thinned to

a width of | meter and a height of 3 meters. Through thls hole, a swift cold
river of melt-water cascaded along the glacler bed. Down to thls point, 1| survey
stations were installed and distances between them measured with steel tape

and compass. From its entrance this segment of the cave plunged steeply downward
(attalning4!® slope), descending In a sinuous pattern for some 50 meters In the
tfirst 90 meters of its course. In this Interval between stations | and 8 (F'j,
25), the cross-section of the tunnel was quite uniform,..l.e., 2 to 3 meters

wide and 2 to 3 meters high. Thls arching corridor was highly scalloped and com-
posed of dense and follated basal Ice. On the floor, large unstable boulders
rested, presumably extending a morainic zone from the glacler headwall. In
places, series of rocks which were held fast In the ice protruded from the walls
and cel!ling and always appeared in straight rows. The larger dimensions of

these rocks never exceeded 0.5 m, (Lamorey and Willis, 1974),

At station 6 on this transect, another passage forked back uphill toward the
south (Fig. 25),along the eastern wall of which a foaming turbulent drainage
stream flowed. Pleces of broken firn on the floor of this passage for some
50 meters along the junction indicated twin drainage channels from the I|ake,
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rison of 1972 and 197 oh tics

By remapping the cave In successive 12-month intervals during the two-vear
period 1972-73, 1t was found that the cave system, in splite of repsated flooding,
remained essentlally Intact. The only substential differences were found in te
fim-pack sections of the entrances. In 1973 much of the Lake Linds entrance
was covered by much more firn because of below-normal sblation in that cool
spring and summer. In the extremsly cool summer of 1974, the lake entrance
never did open, nor did the lake drain untl! mid-September, after the research
teem had left the fleld.

tn 1973 the character and configuration of the main tunnel remalned essentially

as in 1972. The drainage pattern within the cave alsc was largely unaltered. One
noteworthy change was the appvnarance of the roof stalactites. A 10-meter ice column
photographed and mepped In 1972 had meited to about half its length. Also

missing were numerous smaller Ice columns, thelr places having been taken by
splashing water-falls from the base of moulins in the cave celling.

Although the overali tunne! system had not changed greatly, a more precise
survey h 1973 revealed the afgnment of the main cave was s!ightly north of thet
plotted In 1973, The 1973 map represents a more accurate survey becsuse

a magnetic anomaly in the cave affected Brunton compass readings in 1972 but did
not alter the 1973 traverse made by theodolite.

Origin of the Cave System

The Lemon Glacier cave system appears to be related to periods of climetic
amelioration in historic time...l.e.,, presumably to the perliod of warming In

the 1930's and 1940's ( see previous discussions on climatic periodicities,
Including Figs. 16 and 19). It cald relate, however, to that Iin the 1860's (Miller,
1963, 1972b; McKenzle, 1971). The cave location may even ally to an open drainage
channel over a warm interval in the 9th to 10th centuries or a lesser one in

the 12th to 13th centuries (Miljer, Egan and Beschel, 1968; Milier, 1967,

page 213; 1975b). |t may be assumed that during these periodic shrinkages of

ice trom the Lemon Glacier headwall a contemporansous moat deveioped between
present-day Lake Linda and Lynn Falls. Today this provides a significant

marginal drainage way and at times of greatest deglaciation it has held a much
enlarged moat-dammed |ake,

In subsequent colder intervals, snow dirfted across this contact zone, keeping
the channe! open at least at depth. The situation Is similar to what is often
seen today when @en fissures, such as crevasses, bridge over with drift snow,
with the fracture remaining open but burled for years. There aiso may be sub-
glacial ablation caused by water and alr clirculation along the ice/snowdrift
contact.

The unusual! character of this cave system suggests that it may represent a

new category of glacler cave. We refer to such a cave as a ¢ site glacier
cave to distinguish It from those strictly prodiced by sub-giacial drainago

or found in the lee of overriding ice masses...such as the ablation and ob-
struction types of Peterson and McKenzle (1968; McKenzie, 1971). The parallel
moraines along the crest of the Lsmon Glaclier headwall are further evidence
d the tormerly expanded nature of ice In this headwal! sector.

alaoa;

s o b ARL . s i iRt M enas o

PN

S S - L e twmEeens ;u:_:‘.,geu’-n—-‘m



~5]-

Of further interest is the fact that along the main cave at station 8 (91 meters

in), the rock floor abruptly levelied off Into a 5-meter high Ice-floored room,

littered with gravel. In effect this was an englacial alluvial outwash beyond

i which the passage floor was composed entlrely of ice, Our mapping crew of

: Lamorey and Wlllis followed this section for a distance of 65 feet (20 m) farther

on, at which point they found it Inundated *y a stream from beneath the east

wall. In exploring the next 100 feet (30 m), two more gushing streams were

found to enter the cave from beneath the west wall. At this farthest point of

i penetration, the cave rested some 80 meters beneath the névé. This englaclial
drainage channel probably extends all the way to the glacier terminus, some

_ i 6.5 km down-valley and every year presumably remains charged wlth turbulent melt-
oot water,

As additional work Is needed to delineate this unique englacial and sub-glacial
drainaye system, we plan to continue this research., Because of the environmental
hazards involved ih glacler bursts, the study has much praciical value.
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B. TYPICAL HYDROLOGICAL MEASUREMENTS ON THE PTARMIGAN GLACIER, 1972

] Meteorological Variables and Hydrometrics

; The stream gaging method used on the Ptarmigan Creek is described In Appendix
‘ D, and includes a graph of the water levels recorded. The parameters of dis~
] : charge (D) of a Temperate glacier are equated as follows: D =P + A -E, In
f this, P Is preclpitation, A Is ablation and E 1s evaporation,

Because of the extensive maritimity of the Lemon/Ptarmigan Glacler system, the
effects of evaporation ara negligible. Thus in a typical week of recorded data
at the Ptarmigan Glacler stream gaging site In 1972, raintall and ablation

were the only signlficant factors In the Iiquid balance development of total
propagated water. (On the Cathedral Glacler, In the contlnental sector of

the Icetleld (Fig. 2),evaporation Is found to be a signlficant element in
the liqultd and mass balance...as considered later.)

s

when measurements of ablation on the Lemon and Ptarmigan Glacler were Incomplete,

: we extrapolated assumed ablation from the parameters of temperature and radia-

5 tion. Windspeed was taken into account, but for the 1972 summer observation period
i was found to be minimal, Ablation did not vary appreciably on cloudy days (v.

: Camp |7 corrolated cloud cover, advection, temperature and ablation records over

a few days in mid=-July 1972, Fig. 27). Peak ablation occurred at times of high
solar radliation. Peak perlods of rainfall on the 4000-foot upper part of the

Lemon and Ptarmigan Glaciers (Camp !7) experienced a time delay, or lag, of

ne»:'ly one half day In the discharge of Ptarmigan Creek, as recorded at the

gaging site at 2500-feet elevation and one mile below the Ptarmigan Glacier
terminus (Fig. 8a). In contrast, peak periods of rainfall occurring directly

at Camp 17A within 100 meters of the Ptarmigan Creek gaging station were fol-

lowed by In=tantaneous rise in the stage. ' ?

e e a  —————

The foregoing observations are substantiated by detaillng some pertinent 1972 ;
data (Fig. 28). Automatic weather station (MRI) data from Camp |7 reveal peak
1 periods of rainfall at the top of the glacler occurred at 0700 on 14 July and
at 2130 on 16 July, 1972, Following these highs were stream level peaks at
1800 on 14 July and 0930 on {7 July. These times are each to within a half
hour of actual times and therefore precipitation on the upper névé is indeed
followed by stage-discharge at the terminus in about 11 hours.

In centrast, by using the three~-hourly synoptic meteorological records from I

L the lower valley station (Camp 17A), It is seen that peak ralnfall periods '

included the times on July 15, 1972 from 0300 to 0700 and from 1000 to 1300 : ‘

(Fig. 29). Peaks In the water stage recorder at the 17A stream gage site o]

F (Fig. 28) were recorded on 15 July at 0400 and again at 1030, Indicating that o
for Ptarmigan Creek almost no time Is required for an increase in discharge '

following the onset of significant preciplitation in the Immediately adjacent
valley.

On 18 July, 1972, no precipltation was recorded at any station. Therefore, the {
only new source of discharge at the end of this day had to be by ablation. The i
ablation peak occurred at the time of peak temperature and peak radiation...
a condition which took place tetween 1300 and 1430 (compare Figs. 27 and 28).
It is of Interest, then, that the peak In the Ptarmigan Creek stage recorder
slte occurred on July I8 at 2000, Indicating a time lag between peak ablation
and discharge of 4-1/2 to 7 hours, If a 5-1/2 hour lag is Involved, this
agrees closely with the expected value of discharge from mid-glacier.

Lo e e aweaime sa V;.h._m.w
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The discharge records from the Ptarmigan Glacier during the cited observation in-
terval (July 12 to 19, 1972) are given in Figure 28, followed by Figure 30 which
extends the dally discharge record for Ptarmigan Creek through Sept. 16. 1 Fig-
ure 27, the precipitation recorded by the MRl unit at Camp |17 over these same days
Is noted, with the data rendered In hundredths of inches per hour. Note again
that precipitation at Camp |17A, taken in the 3-hourly synoptic increments, is also
noted for comparison In Figure 29, Ablation records on the upper Lemon Glacier
(Camp 17) over this observing period are noted In Figure 27,

The first peak of ‘the discharge curve on 12 July 1972 Is related to the abla~
tion peak on that day (Figs. 27 and 28). The remaining discharge peaks (as
previously dlscussed) show direct correlation with rainfali. In a subsequent
report, these data will be analyzed with respect to the U.S. Geological Survey
Lemon Creek Stage records to see whether In this fieid season there were anoma-
lous peaks in the Lemon Creek outflow Introduced by the presence of Jokulhlaups.

For further evaluation, In Figure 27 (upper) data on temperature, radiation,
and cloud cover at Camp |7 are plotted for this 8-day observing period, to-
gether with records of relative humidity and dew point. Additional analyses of
these records and othersobtalned during the summers of 1971-74 are beyond the
scope of this report,

Ptarmigan Glacier Névé Surface Measurements

In addition to continuous recording devices employed for temperature, humidity,
precipitation, wind, and radiation, meteorological readings were taken by station
personnel every three hours, A party hiked each evening from Camp 17 to Camp 17A
and returned in the morning, permitting continuous collection of diurnal data at
each station. From these, the effects of weather parameters operative at each
station were noted.

The Theissen Polygon Method was employed in the analysis. The névé basin was
divided Into five areas and nine appropriate ablaion observing sites were posi-
tioned, one or two to represent each area. The sectors and key observation site
are noted in Figures 31 and 32 as Camp 17 (4200'), site Betty (3700'), site Chris
(3200'), site Joan (2700') and Camp 17A. On the schematic the approximate '"basin"
drainage areas in square meters are Indicated to permit unit area calculations.

From the recordings of rainfall at Camps |17 and |7A and from the radiation re-
cords at Camp |7, it was possible graphically to represent where and when abia-
tion and rainfall occurred. With such factors known, it was anticipated that
we could determine the effects of these controls on the ablation and discharge
from Ptarmigan Creek at the glacier's outiet.

Surprisimgly the weather on the Ptarmigan Glacler was found to differ over its
entire length, largely due to strong orographic Influences...i.e., slope and
confining side-walls. In the flive polygonal sectors, rainfall was observed to
fall at dlfferent times and in unequal amounts. Because of this and the long
time between data collection at the three on-ice stations, only the precipi-
tation and ablation data at these polnts were obtained. A week of these data,
covering the same time span as the other cited records, Is presented in Figure
33, The hlstograms show the considerable differences in precipitation and
ablation pertaining at the three mid-glacier sites. Fuller detaiis of the

hydrological parameters involved In thls research are glven in the following
section,
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C. HYDROLOGICAL COMPLICATIONS AND MEASUREMENTS IN THE PTARMIGAN DRAINAGE
BASIN®

A detalled report of the 1972 investigations of the hydrological characteristics
of the Ptarmigan Glacier and its highly maritime drainage basin is presented here.
The outfiow stream, Ptarmigan Creek, is tributary to Lemon Creek, in the vailey
below and to the north of the Ptarmigan Glacier dralnage basin., The ongoing study
of hydrologlcal aspects of the watersheds of the Lemon, Ptarmigan and Thomas
Glaclers, being conduted by Maynard Miller and Austin Helmers, has previously

been reported on (Mlller, 1972p),

Purposes of the Study

The objective of this continuing study Is to observe the relationships between
various causal factors and the discharge of the glacier via Ptarmigan Creek. The
approach Is to consider the environment, Including terrain relationships, and to
spel |l out the most Important causal factors and to experiment with methods of
describing them. Some of the observations and the calculations based upon them
are, of course, approximations, but In the analysis the relative importance of
various factors can be recognized. The experlence gained in the field servad to
Inspire new channels ot inquiry and to provide further insights to help plan and
execute further field studies in this glacier system and in the comparison study
of the Cathedral Glacler on the continental flank of the icefleld.

During the 1972 summer season, the Stevens Hydrological Stage Recorder (previously
noted as set at Camp |17A) was used to provide contlinuous records of water levels
In Ptarmigan Creek. Numerous stream gagings during the summer served as the basis
for transiating the data on stream stage into discharge data (Appendix D), De-
tal led meteorological records were kept at locations within the Ptarmigan dralnage
basin. In fact, seven temporary observation sites were set up in addition to the
two permanent Camps |7 and I7A to determine how varlious parameters varied through-
out the dralnage basin. Their relative positions on a longltudinal profile of
Ptarmigan Glacier are noted in Figure 32, Thus It Is possible to consider in more

detal! what effects solar radiation, air temperature and precipitation have upon
stream discharge.

Deta Acquisition Relating to Stream Flow

The Stevens Recorder at Camp |7A maintained continuous records of the level of
Ptarmigan Creek from late June Into September, 1972, The stage records used in
thls study are synthesized in Figures 28 and 30, each segment of which represents
one day of record. Because discharge tin cublic feet per second) Is more use-

ful than stream stage for many calculations, it was essential to correlate stream
stage and discharge in accordance with the method noted in Appendix D. A reference
wire was streftched across the creek slightly upstream of the Stevens Recorder.
During each run, the stream was divided essentially into fifteen trapezoids of
two~foot base and height equal to the water depth. This was faclilitated by the
markings on the wire. The veloclty of the water at the center of each trapezoid was

* Prepared by Lawrence Brush, formerly of the Geology Department, Temple University
and currently of the Geology Department, Harvard University, and Maynard M. Miller,

Geology Department, Michigan State Unlversity and the Foundation for Glacier and
Envirc:mental Research,
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then measured with a rotating water-cup gage and multiplied by the area of each
trapezoid to give the discharge through each element of area. These were summed
over all areas to give the total stream discharge. This flgure was then plotted
against the mean stage recorded on the Stevens Gage during the time interval (about
one-half hour) in which the gaging was done. Each run required about three man-
hours for gaging and calculations, This fact, along with the necessity to make
runs over as wide a range of stream stages as possible,dictated + + the stream
gagings be performed over a number of weeks, Two groups performe. the gagings.

The first group performed 12 gagirgsand the second 20, for a total of 32 gagings.
These groups of data are considered separately and together in Figures 34 and 35,

It is Interesting to note the good fit cof these data (even when considered separately)
to the same straight line. Thus conditlons which determine the siope of these

plots evidently did not change over the data collection period. 1t Is assumed that
these conditions did not change over the entire summer season when the plots obtained
are used to Interpret stream stage data from times other thzn during this particular
data coliection period (which covered the month of July). Deviation from the
straight line is greatest for the lowest values of stage and discharge. This is
because the gage used to measure velocities approached the lower (imit of its
accuracy in the shallow water associated with discharges of less than 25 cubic feet
per second. Limits ot this type do not apply tc the Stevens Stage Recorder in this
study. Inspection of Figures 34 or 35 allows one to determine the discharge In
cubic feet per second represented by any point on the plots in Figures 28 and ~ 30.

An independent experiment was carried out by L. Brush to determine the temperature of
stream waters at the point av which they flowed out from the fields of old snow still
retained below the terminus of the giacier and o see how quickly the temperature

of the waters rose as they fiowed away from the glacier, The temperature was
measured in the fastest flowing,deepest waters every 100 meters along the main

creek bed. Ouring each run, several readings were made at each point and the average
taken. |t was assumed thuat water flowed off the snowflelds below the terminus at
32°F. The average temperature recorded there was slightly different from 32°F,
probably due to the calibration of the thermometer, and was thus set equal to 32°F,
Other readings were adjusted accordingly. Despite the fact that the equipment

avai lable was imprecise for this task, a temperature gradient along the Ptarmigan
Creek was detected (Brush,'74, with upwards of a 3.3°F rise in water temperature
within a halt mile of the snowfields through which the water flowed. The measurements
were made at times of maximum discharge (late evening).

Confiquration of Dralnage Basin

The Ptarmigan dralinage basin Is located near the southeastern end of the Juneau lIce-
field, on Its southwestern (maritime) margin. The axis of the drainage basin

runs north=-south. The southern (upper) end of the drainage basin is located about
five miles from the city of Juneau. The drainage basin lies in the map area of the
U.S. Geological Survey Juneau B-| Quadrangle (Fig. 23).

The longltudinal proflle of the Ptarmigan drainage basin (Fig. 32) was constructed
using an entargement of the quadrangle cited above. Locations of the two permanent
research stations used in this study, Camps |7 and |7A as well as the locations of
the seven temporary field sites,are noted in Figure 32 . The curve ABC in the pro-
fi.e represents the central axis of the drainage basin. The curve BD is that part
of the trail between Camps |7 and I7A which departs significantly from the axis

of the drainage basin. Thus, Camp 17 and two temporary sites (Kathy and Betty) were
located off the center line axis of the drainage basin.
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The drainage area was calculated using an enlargement of the aforementionad quad-
rangle. !t was obtained by summing the areas of simple geometric figures con-
structed within the boundaries of the basin (Fig. 31). This sum represents the area
of the horizontal surface enclosed by a line formed by the intersection of a hori-
zontal plane and the right cylinder generated by the projection of the boundaries of
the basin parallel to a vertical axis. The area was deemed appropriate for calcu-

lations of volumes of precipltation® and was calculated to be about 1.66 square
miles (or the equivalent In square meters as noted in Figure 31).

The areas of the drainage basin which are and are not covered by glaclial l1ce are
hereafter referred to as presently glaciated (glacierized) and deglaciated areas
(de-glacierized). The average elevation above sea level of the drainage basin and
the average elevations of the glaciated and deglaciated areas of the drainage basin
respectively were calculated as follows. A square grid was superimposed on the
enlargement of the topographic map. The elevations of the points within the dralnage
basin that were located by the points of the grid were noted and averaged. It

was also noted whether or not these points were located on the Ptarmigan Glacier.
Because the accuracy of such a determination is directly proportional to the
number of polnts that are counted, a square grid was constructed with spacings
small enough to locate 289 points within the drainage basin. On this basis it was
calculated that 46.7% (0.76 square miles) of the Ptarmigan drainage basin was
covered by the glacier at the time that the surveys for the map were made (1948);
53.3% (0.88 square miles) were deglaciated at that time. The average elevation
above sea level of the drainage basin as a whole was calculated to be 3450 feet.
The average elevations of the presentiy glaciated and deglaciated areas were calcu-
lated as 3600 feet and 3300 feet respectively. All determinations of elevation In
these calculations were made to the nearest fifty feet.

The fact that the survey for the topographic map was conducted In the late 1940's
means that the drainage basin profile (Fig.32 ) and the figures for areas and else-
vations cited above are off somewhat, but at least this limitation is known. Down-
wasting of the Ptarmigan Glacler during the last twenty years or so is responsible
(Fig. 8a), Thus the area of the drainage basin covered by the glacier and the average
elevation of the giaciated areas are slightly overstated. Similarly the average
elevation of deglaclated terrain (3300 feet) Is probably understated. But variations
in the amount of terrain covered by ice and snow that occur as melting proceeds
during the summer season are probably more significant than the former variations.
Thus behavior of the drainage basin with respect to runoff caused by melting of ice
and snow varles as well during the course of the season. The figures cited above,
although approximations, show that the hydrologlcal characteristics of the drainage

* Another area could be calculated. |t would represent the area of the atmosphere-
drainage basin surface Iinterface. If dA Is an element of area as calculated above
(the area of a horizontal plane) and ® is the angle of dip of the terrain beneath
the elemsnt of ares, then this other area, A', can be defined by setting

dA' = dA . Because of the steepness of the terrain under consideration,
cos 6

A' = dA would be larger than A = dA = 1,66 square miles. A! might prove
cos

useful In calculations involving evaporation, sublimation, or solar radiation.

Al o mdeieed o~ i
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dasin cannot be comple‘ely dve to effocts of the glacier. Relat:vely farge areas
(in terms of percentags of tciai area) winich are deglaciated also contribute to the
runctf. These deglaciated areas sire mainly to the north of +he terminus.

Becausa of Inaccuracies caused vy glacial ratrea:, *he average elevat.ons of the
glaclatec and deglaciated areas cf tha drainage basin will not be considered

turther at this time. Only the averaye elevation of the drainage basin as a wholw
ic clted in correctirg precip:tation and tenpecraturc observations made at a sincle
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research station to a normative value for the drzinage basin as a whole.

? | Effects of Air Temperature and Soiar Radiation on Stream Discharge

J!!%
f
!
o The synoptic meteorological records maintained at Camps |7 and |7A during the summer
P make [t possible to relate air temperature and solar radiation to the hydrological
o char.cteristics of the Ptarmigan drainage basin. Based on micro-meteorciogical
P studies on the Lemun Glaclier (v, Wendler ad Streten,|969 ),radiation and tempasrature
v
A

influence stream oischarge by controlling rhe vraty at which snow, firn and permznent
lce melt. The relationship between radiation end temperature and straam discharge,

: kovever, is complicated by severa! other factors including that proportion of runoff
o caused by prectritation which must be recognized and separated from the effects
caused by radiation and temperature. Ancther compliication arises because radiation
ancd temperature may Influence stream discharge it ways other than by direct control

i cf the rate at which frozen water meits. !t Is assumaed, however, that with the In-
; tense maritimity of this locale, wvapgoration is slight and hence radiation and

i temporature influence stream discharge essentialiy by controlling retes of melting.

b Solar radiztion may a'so be the most important causal factor at times whan there

' Is no precipitarion...i.e., via ablation. JInfortunateiy, the relationship betwesn
radiation and discharge cannot be describea quantitatlvely here. Thus the effects
of temperature, which a2re amenable tc such treatment ot this time, are considered
in deraii (v. Figs. 27, 36 ana 37).

The air temperaturc 2t a given point also varies with time. The temperature aiso
va~ies sigyniticantiy trum piace to place within the drainage basin. The latter
tyre of variation prse:z the probleir onf choosing whica temperature *o relate to
stream discharye. The solution is approzched here by thinkiig In terms of 3 mean
Ttemperarure of .ne drainage hasin.

Eievation Effects on Amhient Temperature

Because of 1+ Topographic relies, elcvation is assumed tu be the major cause of

{ tersperature uariations fron place to rlace at a given time. The change of tempera-

- ture with respect 1o eievation (i.e., the local lapse r2te) is considered here as

the vertical iemperature gradient nf the drainags basin. The tamosrature gradient

is defined as the parilal derivative of temperature with r2spect to vertical dis-
r..ce (elevation). 1t is a partial aderivative because *+he ftemperature of a point
varies also with time. Ffie!d data can be used tn dete’ "Ine the vertical temperature
gradient of the drainage basin and to develop a means of determining the mean tempera-
ture of the drainage basin, glvsn the tainperature at a slingi{s research station.

—— -

Simultaneous meteorological observations wire made at Cemps |7 and 17A from 0400
July 13 to 2200 July 18 and from 0100 July 25 to 1900 August 6, 1972, Durling these




periods, observations were made every three hours for a total of 286 simultaneous
temperature observations. ODuring these |19 days of simultaneou:. observations

(Figs. 27, 35 and 37 ), temperatures at Camp |7 (elev. 4185') averaged 3.1°F, below
those at Camp 17A (elev. c. 2400°)., Two temperature Inversions In the records

which occuired within these temperature periods were averaged Into the above flgure.*
The average temperature difference cited above is simply a mean, It averages tempera-
ture differences which vary in accordance with changing weather conditions. The
validity of applying a sinqle-value representation of the temperature di fference to
all meteoiological situations (in sunmer) is probabiy commensur.te with the approxi-
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L mation that elevation ajone is the cause of temperature variations within the
o srainage basin at a given time.

Other Temperature Controlling Factors

; Some factors besides alevation which influence temperature differences within the
drainage basin can be mentioned. There is an interesting relationship between the
: tamparature difference botween Camps |7 and I7A and the time of day. For example,

. the tempeiature differences were greater in the afternoons than at other times

, (F1g.37 ), at least during the pariod of simultaneous observations. Wind speed and
] direction, cloud cover (especially at night), and the intensity of solar radiation
' probabiy influance the terwerature difference between places with different eleva-
tions. The perlod of simultanaous observations at Camps 17 and |7A was too short to
ailow consideration of the relationships between these factors and the temperature
di fferences within the drainage basin, with the exception of the relationship be-
tveen temperature di fference and time of day.

w«...vv_.v__._,..,.,wv‘r

E
The mean temperature di fference of 3.1°F, between Camps 17 and |7A (based on the J
| noted 286 s.niuiltaneous observations over !9 days) can be used to calculate a

! temnerature gradient for the drainage basin and to derive an expression for the ]
i

tennecature at any point as a function of the temperature at a single research sta-
tign. To do this, one must use the elevations of Camps 17 and |'/A and make the 1
assumption that temperature is a |inear function of elevation., Because meteoroiogical
records are much more cxtensive for Camp |7 than they are for.Camp {7A,1It+ Is more
convenlent to consider an expression which gives the temperature at any point in !
' terms of the temperature at Camp |7. This expression can be written as

T = I'7 + 3.1Y ,or T = Tl7 + 0.00174Y, where T is the tamperature at the poilnt
1785

* A possible cause of the first inversion illustrates the variability in solar
radiation from place to >lace within the drainage basin, which is one reason that
radiation connot be related quantitatively to stream discharge. A thick cloud

cover blanketing the area for the whole day of July 17th broke up about 1600 (Fig.27).
The consequent Increase In solar radiation that presumably caused Camp |7's
temperatures to rise did not take place at :mp 17A because mountains just to

the w=st of the lower part of the valley e!rectively shaded this camp from the

F sun at that time of day. No explanation is offered for the second 1avavsion,
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In question; T,, is the observed temperature at Camp I7; 3.1 is the mean observed
temperature dluerence between Camps |7 and I7A; 1785 is the elevation dlfference In

feet between Camps 17 and 17A; and Y Is the difference in elevation befween Camp

17 and the point In question. This expression for the temperature of a point as

a function of the Camp |7 temperature can be modlfled to give the average temperature
of the drainage basin as a function of the Camp |7 temperature. The average ele-
vation of the drainage basin was shown previously to be about 3450 feet. Thus

the average value of Y becomes equal to 4185 - 3450, or 735, and the expresslion

for the average temperature of the dralnage basin becomes T = TI + 1.28, This
expresslon Is used hereafter to determine the mean temperature 01 the drainage basin
for periods during which observations were made cnly at Camp 17.

During periods of simuitaneous observations the mean temperature is determined by
interpolation to the vaiue of 3450 feet. |t is the mean temperature of the whole
drainage basin that is used to correiate temperature and stream discharge. The
temperature gradient of the drainage basin Is the slopeof the family of straight
lines generated by inserting different values of Camp |7 temperatures into any

of the above expressions and graphing the results. Here 3T/dx is equal to 0.00174°F,
per foot. Other expressions for the temperature at a given point as a function

of the Camp |7 temperature and for the temperature gradient of the drainage basin
could be derived by using the relationship between temperature difference and time
of day (Fig. 37 /. But these variations in temperature difference between Camps

17 and |7A were neglected to simplify consideration of the reiatlionship between
temperature and stream discharge.

Examination of Stream Stage Records Re Flow Maxima and Lag Eftects

Stream flow which is influenced mainly by daily variations in solar radlation and
alr temperature can be distlnguished easily from that which Is influenced by pre-
cipitation, Examination of the Stevens Stage Recorder data (both for Ptarmigan and
Lemon Creekslis all that is needed. Stream stage versus time curves which show the
agominant influence cf radlation and temperature are characteristically smooth with
rounded extrema. Typical axamples are shown in Miller, 1972b; 1in Jones, 1975, and
Bugh, 1973 as well as in Figure 30 of this report.

All dally stream stage plo*s versus time that did not appear to represent the effects
of precipitation to the exclusion of radiation and temperature effects are also
shown in Table VIl It can be seen that stream discharge was maximum in the late
afternoon and evening between 0850 and 1600. The mean time of the stream discharge
poaks was 2212 hours. The mean time of the stream discharge minima was |148 hours. b
The highest temperatures on the days in question were recorded at the 1000, T300, :
1600, and 1900 observation times while the lowest temperatures were recorded at
the 0100 and 0400 observation times, The lags between the observation times at
which -the highest temperatures were recorded and the timas of the maximum peaks In
stream dlscharge ranged from | to 13-1/2 hours. The lags between the observations
which recorded the lowest temperatures and the times of the minima in stream
discharge ranged from 9 to 13 hours. Less variability is shown by the latter lag
times because the low number of 0100 and 0400 meteorological observations precluded
calculation of mure than five such lags. These figures are not based on thermo-
graph records but are valid enough to show that daily extrema In air temperature

f X tream discharge. This view is reinforced
by the wide scattering of points that obtains when the minimum temperatures are
plotted against the minima in discharge.
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Sunshine, Radiation and Runoff

A general lack of correlation between temperature parsmeters and the indices of
stream discharge Is noted in Tebley||| . Some days noted In this table display anoma-
lous results because precipitation occurred during these days or on prior days.
(For example, on July 25, 26, and 30, and August 10, 17, and 18,) Removal of these
days from consideration, however, does not Improve the correlation significantly.
it is doubtful whether the use of thermograph records would clearify these dis-

crepancies. It is belleved that they arise because air temperature Is a factor of
much less importance than solar radiation in controilln moiTln and runoff. Turther,
the effects of proclplTaTlon may extend several 3573 5=yon3 The actual per|od of
rainfall., Changes in the rate of percolation of water through the f|rn-pack and

ice and in the glacial drlft of the lower valley also influence the processes and

lag effects in runoff dus to meiting of frozen water (Leighton, 1952).

It is unfortunate that the effects of radiation could not be more quantitatively
related to runoff, although Wendler has gliven some ratios with respect to firn
melt (op. clt.). The radiation index data in Tablevililare merely a sum of the ra-
diation intensity readings taken at each meteorological observation at Camp 17,
The duration of sunshine figures are averages (when possible) of dats from Camps
17 and 17A and are more often the results of observations made at Camp 17, The
effects of shading by mountains, trestrike of the terraln, and weather patterns
make it necessary to adjust results such as those which are taken at one or two
stations before they can be used to interpret the behavior of these vartables
throughout the basin as a whoie (v. Andrews previous discussion). Such a8 treut-
ment focused at this research locale wiil permit better correlation to be made
between radiation, temperature and discharge. Such Is also essential to any
further heat budget studies of the drainage basin. The fact that such a treatment
of air temperature (i.e., via establishment of the concept of a mean temperature
of the drainage basin based upon observed di fferences In temperature data from
Camps |7 and 17A) did not yield a good correlation of alr tempersture and stream
discharge leads to the conclusion that other factors, notatly radiation, exert

ff fr r

Samp le Computations

Two calculations Illustrate some aspects of the problem of determining the effect
ot radiation and temperature on the melting of snow and Ice. August 12, 1972

was a completely overcast day, with temperatures averaging in the mid 40's. é*
can be seen with the ald nf Figure 27and Figures 3Ga,b,c that about 2.47 x 10
cublic feet of water flowed out of the drainage basi. via the Ptarmigan Creek In

3 24-hour intervai from 1100 August 12 to 110D August 3. This roughly corres-
ponds to the time Interval between two discharge minimy. |f one makes the
assumption that all this runoff was derived by direct melting of ice and snow,
one can immediately caiculate the energy required to cause the melting which re-
sulted in this runoff. Taking a value of B0 calorles for the energy required to
melt a gram of solld water (which Is in turn responsible for one cublc canflnafer
of runoff), we can calculate a requlrement of (2.47 x 106 #+3) x 2.8 x 104 §

12

x | gram x 80 cal = 5,52 x 10 © calories. Assuming ‘hat by August |2th,

cone S&uare mile of Phe drainage basin was covered by ice and snow, we can speculate
as to how much area of ice and snow cover was needed to provide a unit volume of

PN
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i stream discharge., In thls one square mile is equal to about 2.48 x IO|0 cmz. The

' amount of heat absorbed per unit area that was used to melt the ice.. which appeared

E as runoff was therefore 5.52 x IOI2 cal = 223 cal cm-z o Since about 80 calorie-

2.48 x 10"V cm?
are required tfo melt a gram of frozen water, the amount of runoff produced by u
square centimeter of ice and snow surface was . This Is

223 cal em 2 = 2,79 _gm
2

; 80 cal gm_I cm

equivalent to 2,79 cubic centimeters of stream discharge from each square centimeter

of ice,firn or 5nOW SuFTace oXposed In The basin,

Another examplie: August I8th was partly cloudy with temperatures that averaged (Fig. 27)
around 50°F, On this day, about 3.38 x 106 cubic feet of water flowed out of the

- drainage basin via the Ptarmigan Creek between |100 August I8 and 1100 August 19,

s Assuming agaln that all this discharge was the result of the melting of frozen

i water that day (atter correction for the lags between extrema In radlation, tempera-

ture and stream discharge is made) and If one notes that 3,38 x 10 cubic feet of

water are equivalent to 9.49 x 10 grams of water, then the amount of energy re-

) 4 quired to cause this melting was 9.49 x 10!/0 gm x 80 cal gm"I = 7.58 x 1012 calorles.
i The number of calories per unit area of snow and lce surface that caused melting is
: 7.58 x 10'%cal = 306 cal cm™?,

2.28 x 1010 cm2

Thus each square centimeter of snow and lce surface supplied about 3.82 cubic cen-
} tireters of the stream’'s discharge.

The difference between these two sets of figures may Iilustrate the difference between

| a day with total cloud cover and temperatures in the mid-forties (August 1Z) and a

. day with partly cloudy skies and temperatures around 50°F. 1he only assumption in the

abuve calcutations 'hat was checked was the unstated assumption that the creek water

; juct below the terminus of the glacler was at a temperature of 32°F. A more rigorous
s*.ty of *he effacts of radiation (and the resulting complication of temperature

; ettects) on runcff would make possible a detai led study of the heat interactions

between radlation, ice and snow, and runoff (v, Pinchak, Part Il-J of this .-eport).

i LTI TR AT T 4 T
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Effects of Precipitation on Stream Discharge

Detailed records were also kept at several research sites in the Ptarmigan dralnage
basin to examine the relationships between precipitation and stream discharge.

Ouring the study it was determined that the amount of preciplitation varies from
place to place within the drainage basin. Two objectlves motivated investigation

of this phenomenon. The first was to describe this variation, while the second was

to devise a basis for formulating estimates of the volume of precipltation that falls
within the area of the drainage basin based on fleld data.

To describe the variations in preclpitation, meteorological records from research
sites within the drainage basin were compared. The two permaneni stations, Camps
17 and 17A, provided the most retlable records. Early In the summer, two temporary
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stations, designa’ed Betty and Chris, were established on the Ptarmigan Glacler,
At the same time, a third station, Joan, was set up Just north of the terminus.
Later in the season four more vemporary sites were established (Barb, !rens,
Jennie and Kathy). The locations of these stations are shown In Figure 32,

During the month of July, it was found that precipitation varied regularily along

the north-south axis of the drainage basin and that the higher (southern) stations
generally recorded more rainfal! than the lower (northern) stations. |t Is con-
sidered that praclpitation variations along this axis are either (1) a function of
elevation; (2) a function of horizantal distanca aiong this or some other axis;
T37 3 tunction of bath alevation and distanca, or (4) a function of rellaf variations
In the terrain. To describe precipitation variations with accuracy , it was essen-
tial to maintain simultaneous records for as long as possible, Several problems
arose. for example, only four standard rain gauges were avallabe. These were de-
ployed at Camps |17 and 17A, and at sites Chris and Joan. At the other four stations
measurements were made with Improvised rain gauge equipment. The improvisations
worked well but in a few cases there were interruptions In the simultaneous data
collection. Thus the comparison periods appear staggered. Human error ruled out
the use of some of the data collected at Camp {7.

The periods of data collection at Camps |7 and I7A constitute the longest Interval
of simultaneous observation. Records were made from 2200 July 12 to 2200 July 18,
and from 2200 July 24 to 2200 August 4, 1972, During these periods, the total pre-
cipitation at Camp |7 was 8.24 inches and that at Camp 17A was 6.15 Inches., The
precipitation at Camp |7 exceeded that at Camp |7A by a factor of 1,34, These
TESUTYS 3r8 graphey (FIg. 3y Wity preciprrarion prorred sgamsretevation. Pre-
cipitation is again assumeo to be a linear function of elevation, Taking into
account the average elavation of the drainage basin (calculated as 3450 ft,), one
can use this plot to estimate the mean amount of precipitation which fell within the
drainage basin during these periods. Multipiication of this figure by the total
area of the drainage basin gives a value for the volume of precipltation during these
periods. The period of data collection was too short to allow this treatment to be
extended to periods for which the records of only one station are avallable. in
comparing precipitation and runoff, records of Camps |7 and |7A were used. Again,
precipitation is assumed to be a linear function of elevation. This allow, inter-
polation to a figure for the precipitation which fell at 3450 feet. This norma-
tive value then allows calculation of the volume of rain that fell within the
entire drainage basin during any interval of simultaneous observations at Camps |7
and |7A.,

Altaough calculations of precipitation volumes are based only on the records from
Camps 17 and 17A, it Is interestin~ to note the results of observations made at the
seven temporary glacier sites. Figures 4& and 4 show the results of the precip’-
tation profile from data collected at five of these temporary sites from 1600

July 27 to 1300 August B8, 1972, This |2-day period covered 50 per cent of a storm
which lasted from 1600 July 25 to 1600 July 29 and 100 per cent of a storm which
lasted from 1600 August 2 to 1300 August 9. Figure 4@ shows the precipitation at
each statlon plotted against the elevation of each station. Figure 4® shows pre-
cipitaticn plotted against distance along the axis of the dralnage basin. Although
stations Betty and Kathy were not located directly on this axis thelr precipitation
totals may ailso be plotted after allowances are made for this deviation. The
dashed lines on both graphs represent extrapolations of precipitation quantity to
the elevation and positions of Camps 17 and I7A. Precipitation vaiues for these
two permanent statlons could not be plotted on this graph for the Interval 1600 July
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27 to 1300 August B because of some Interruptions and also ths axistance of some

| questionable data. The extrapolation for Figure @apredicts that Camp |7 pre-

1 cipitation would have exceeded Camp |7A's precipitation by a factor of 2.37. The
extrapolation for Figure 4b predicts that Camp 17's precipitation would have
exceeded Camp i7A's precipitation by a factor of 2.86 during the same period.

The difference between 2,37 and 2.86 and the observed factor of 1.34 for the periods
a 2200 July 12 to 2200 July 18 and 2200 July 24 toc 2200 August 4 is noted. This dif-

ference may in part be a function of the brevity of the periods of simultaneous col-
lection of data.

Simul taneous observations of precipitatica at Camp {7A and five of the temporary
sites over the period 1600 July 27 to 1500 August § covered 5C per cert of the storm
which lasted from 1600 July 25 to 1600 July 29 and 58 per cent of the storm that
lasted from 1600 August 2 to 1300 August 9. Camp |7 data for this particular period
could not be used because of Inconsistencies. The results of these observations

! are shown in Figures #a and4liwhich respectively plot precipitation against eleva-
i tion of the stations and distance along the drainage basin axis. An extrapolation

g to the elevation of Camp 17 in Figureé4la predicts that precipitation there would

‘ ’ have exceeded that at Camp I7A by a factor of 2.97, An extrapolation to the dis-

‘ tarce between Camps 17 and {7A In Figuredlb predicts that Camp 17 precipitation
wostd have exceeded that at Camp 17A by a factor of ..59.

e —— g

Camp 17 precipitation records coexist with those of five of the temporary glacier
sites for the period 1600 July 27 to 1500 August 4 and from 1500 August 6 to 300

’ August 10. These periods cover 50 per cent of the storm from 1600 July 25 to {600

T July 29 and 43 per cent of the storm from 1600 August 2 to 1300 August 9. The
amounts of precipitation are plotted against elevation in Flgure 412 and against geo-
graphical position in Figure 41b. Extrapolations to the elevation and geographical
position of Camp 17A yield factors for the amount of rainfall at Camp |7 relative

to that at Camp 17A of 1,06 and 1,08 respectively.

Comparative Muit-viater and Rainfall Precipitation Analysis

Results of the comparison of Camps |7 and |7A over the period 2200 July 12
to 2200 July 18 and 2200 July 24 to 2200 August 4 (Fig. 39) are thought to glve the
nost realistlc representation of variations in preciplitation. Fircstly, the time
! Interval covered Is the longest. Also the two stations are the nearest 1o the
: upper and lower extremes of the basin., Furthermore, the equlipment used at these
two stations was the most rellable. A factor of 1.34 for the relative amounts
of rainfall at Camps 17 and I7A is thus held to be the most rzalistic, It Is
recognlzed, however, that 17 days is too short a period of data collection to per-
mit generalization of the results to the whole summer season.

S Binad

i Stream flow that is influenced by the runoff caused by rainfall precipitation is 1
easily distinguished from that caused by the runoff of melting lce and show. This

has been we!l reported in previous JIRP reports (Milier, 1954)., Flow which Is strongly
influenced by rainfall precipitation shows sharper extrema than that caused by ]
melting ice and snow. Precipitation extrema in stream flow do not generally cr
necessarily occur at the late evening and mid-morning times characteristic of flow
which Is not under the influence of rainfall precipitation., Changes In flow

caused by variations In solar radiation and air temperature can sometimss be dis-
cerned during periods of rain precipltation, Also if ambient temperatures are at

or about 40° F,, precipitation must itself cause some melting of Ice and snow (Miller
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1972b). 1f 100,000 cubic feet, or 2.83 x IO9 cubic centimeters, of rain at 40°F
(4.5°C) were to fall and interact with snow and Ice so as to cause the mgxlmum
amount nf melting possible, there would be enough heat to melt [.57 x 10°, or

5570 cubic feet of water, from the snow and ice mass. This figure is equal to
about 5.5 per cent of the rainfall. This assumes, again, that water flows off the
glacier at atout 32°F.

iwc storm periods were studied in some detail. These periods were from 1600 July 25
to 1300 July 29 and from 1600 August 2 to 1000 August 9, 1972, These were the only
precipitation periods throughout the summer when simultaneous meteorological obser-
vations were made at Camps |7 and |7A every three hours around the clock., For
these intervals, rates of rainfall and stream discharge and temperature were com-
pared. Over these periods, there wers no hydrological surges recorded on the
Stevens Recorder graphs. Discharge rates in cublc feet per hour were thus com-
puted only for the times which coincided with meteorcloglcal obsz+vations (0100,
0400, e'c.).

Discharge rates for a glven time were computed as follcws., Stream stage for a given
time was read off the Stevens Recorder graphs (Figs. 28,30:Ptarm. Cr.,). By means of
the results ot stream gagings shown in Figures 34 anc 35, these water depths were
converted to discharge rates in cublic feet per second. The flgures were then mul-
tiplied by 3600 to glve discharge rates In cubic feet per hour. Rainfall rates

weire computed In terms of the number of cubic feet per hour which fell on the
dralnage basin. Precipitation measurements, made at Canps |7 and |7A, which covered
three-hour data periods were noted. Based on these fligures the average rainfall

for the drainage basin as a whole for the three-hour interval was determined by
Interpolation. The elevations of Camps 17 and I7A and the average elevation of the
dralnage basin are 4200 feet, 2500 feet and 3450 feet respectively., To Interpolate,
again, one makes the assumption that precipitation is a linear function of eleva-
tion and that It determines the amount of rain that would have been recorded at

3450 feet during the three-hour interval. To get an hourly rate in terms of cubic
feet, we multiply tre above figure by one-third and then by the area of the drainage
tasin, 1f we designate the volume of rain that falls within the drainage basin (in
cubic feat) as Y and the average (3450') value (in inches) of rain as X, then Y =

1 x | _foot x X inches x 4.57 x 107 feetZ or Y = 1,27 x 106 cubic feet per hour.

3 12 in,

By graphing this function (Fig.42 ) rapid determinations are possible. The temp-
eratures used In the following comparisons are average temperatures of the dralnage
basin as a whole. They are calculated by the same sort of Interpolation to the 3450

foot level as used above for precipltation data, using Camps 17 and |7A meteorological

racords.

These parameters are plotted for the two above mentioned precipliration periods In
Figure 38 a, b and c.

The precipltation period 1600 July 25 to 1300 July 29, 1972 ( Fig. 38a) appears to
show the effects of both daily solar radlation and precipitation in the stream dis-
charge rates. Increases in hourly rates of stream discharge show smooth Increases
through the afternoons and evenings of July 25, 26, and 27, These Increases resemble
the reactions of the Ptarmigan Creek fto daily solar radlation. But on August 12,

a cloudy day with average temperatures In the mlid-forties, the highest runoff rata
(at 1800) was only 119,000 cubic feet per hour. The peaks of July 26 and 27 far

|
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exceed that, although on these days temperatures averaged In the low to mid-fortles.
Further, the Increases in the hourly rate of stream discharge on July 25, 26 and

27 follow closely peaks in rainfall centered about 2030 July 25, 1430 July 26 and
0830 July 27. For these reasons It Is concluded that the Iincreases in stream dis-
charge are dus to the combined effects of radiation and precipltation.

July 28, 29 and 30 show decreasing rates of stream discharge as average temperatures
rose (solar radiation was approximately constant). Thils effect marks the lower
amounts of precipltation that fel! on these days. It Is interesting to note that
on July 28, 29 and 30, the rate of stream discharge fell during the early morning
hours, On days when thers was no precipltation, discharge also feil during the
early morning hours in delayed response to the cessation of solar radiation at sun-
set and falling alr temperatures. |+ can be concluded from this period of preci~
pitation that as long as the rate of rainfall does not exceed the maximum rate of
stream discharge caused only by meliting Tce and snow (due mainly Yo solsr radlation)

the record of stream discharge will reflect to an equal degree peaks in solar
radiation and preclpltation.

Flgures 38band 38¢c show the same parameters for the precipitation period 16CJ

August 3 to 1300 August 10, 1972, During this period, rates of rainfall exceeded
those shown In Figure 3 by factors of as much as 4.0. Stream discharge rates ex-
ceeded those shown In Figure 3gs by as much as a factor of 4.65. On at least five
occasions the rate of rainfall exceeded the rate of stream discharge. Periods for
which data are missing are indicated with dashed Iines In Figures 38b and 38c. (These
dashed |ines do not Infer any type of behavior and are inserted for convenlience only.)
Peaks In rainfall rates, centered about 2030 August 2, 1730 August 3, 0530 August 4,
1130 August 4, 2030 August 4 and 0830 August 8, correlate with responses In stream
discharge. Peaks In stream discharge, centered about 2200 August 5, 0400 August 6,
and 1000 August 8, presumably indicate that concommitant gaps in precipitation data
were times of peaks In rainfall rates.

After the rainfall ended, stream discharge declined (on t  average) for a few days
even with higher average temperatures on August 10, !l ana 12. This lag, also

seen after the precipitation period shown in Figure 38a, indicates the existence of

a delay mechanism of some sort. Further evidence for such a mechanism is seen ori
August 3 and 4, 1972, when rainfall rates far exceeded runoff rates. The areas

under these curves represent volumes of water. 1|t can be sean that the three areas
above the discharge curve and below the rainfaii curve can be fitted into the areas
over which discharge exceeds rainfali. Delays on the order of several hours are the
only way to explain the excess of rainfall over discharge. Possible examples of such

mechanisms might be the seepage of water through glacial drift and the Impounding of
water tor periods of time In crevasses and ice dammed (englacial) pools. |If the
effects of solar radiation were amenable to more quantitative description than has
been accompiished on this glacier system to date, 1t might be possible to describe
the behavior of these delay mechanisms in more detail.

Concluding Comment

Several of the relationships between meteorotogical causal factors and stream discharge
have been examined. The runoff from melting snow, firn and lce caused by solar radia-
tion and air temperatures above freezing and by the influence of rainfall preciplta-
tion has teen discussed. |t is hoped that this evaluation adds to the conclusions
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developed In reports on previous field seasons of research on the Lemon and
Ptarmigan Glaclers (e.g., Andress, 1962; Bugh, 1966; Zenone, Helmers and
Miller, 1967; Miller, 1969, 1972b; Zenone, 1972). Further steps towards
understanding the nature of the compiications in the glacier's liguid balance
resulting from these observed effects of terrain configuration await a

more rigorous examination of the role of solar radlation (Wendler and Streten,
1969) in Inducing the melt process in glacier firn and ice and, from this, in
causing runoff,

s it B
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D. GLACIO-HYDROLOGY OF THE LEMON-PTARM!GAN GLACIER SYSTEM DURING THE
1973 ABLATION SEASON- A YEAR OF DELAYED FIRN MELT®

The water-ice balance of the Lemon-Ptarmigan glacier system In the heart of the

area between the main celiular circuliation of the continental anticyclone and the
cyclonic North Paclific Low Is representative of the glaciers in the Alaskan Panhandle
and has been under hydrologic survelillance since 1965. These studies are of added
Interest because of emphasis on giobal glacio-hydrological research during the inter-
national Hydrological Decade (1966-74).

The Lemon Glacier and Its adjoining Ptarmigan Glacier have also been the focus of
general glaclological research by the Juneau icefleld Research Program since 1949,
Currentiy, a continuing hydrological and related mass balance study is underway

on these glacliers. They have been chosen because of their accessibility (6.5 km
northeast of Juneau), thelr simple configuration and unity, and thelr advantageous
position with respect to a U.S. Geological Survey gaging station on the Lemon Creek,
where runoft records have been maintained consecutively since 1951. Additional
advantages are the proximity of the U.S. Weather Bureau (ESSA) stations at the
Juneau Alrport, Juneau City and Annex Creek, and the summer research program
weather stations on the adjacent Juneau lcefieid, as discussed In previous sections
of this report. Some of the 1973 glacio-hydrological investigations on this proto-
type glacler system are noted In the following section.

Glacio~Meteorology, 1973

For the summer fleld season of 1973, synoptic records were begun on June 16 at
Camp 17 on the Lemon-Ptarmigan Glaclers, both thermo-physically Temperate ice
masses on the southern flank of the Juneau lceflelid. Jones iIn a previous chapter
has shown that under average weather conditions consistent di fferences were not
observed between Camps |7 and 10, the latter essentially at the same elevation but
In the southern Interior of the icefleld. This Indicates that the Icefleld's south
central sector Is also significantly Influenced by maritime conditions and, con-
versely, that Camp 17, nearest the ocean, Is influenced by continentality to about
the same measure at least as the nearer inland stations within 25 mlles. Thompson
in his previous chapter, however, has shown that at least for stormy periods Camp
17 Is the mest marltime In character. It has also been shown by Milier (1973) that
the maximum preclpltation occurs In the southern sector of the Icefield (even more
so than at Juneau) but desplts onshore flow throughout stormy periods the preci-
plitation amounts are quite uniform across the icefleid. Past experience has shown
that dally temperature variations are for the most part clearly paraliel, although
of course not equal, at all stations, suggesting that competent records obtained
even over short periods at a single fleld station can have regional significance. 3

A e

| Weather conditions observed during a period from June 16 to July 23, 1973 are
tabulated inAppendx D, Notable is the cioudiness and precipitation which must be

considered atypical for this part of Alaska in summer (Little, 19725. The low

S interdiurnal variation In temperature and the high relative humidity are in-
dicative of the maritime nature of the reglon, but are not what would be expected y

* Prepared by James E. Bugh, Dept. of Geology, State University College, Cortland,N.Y.
in addition to ARO-D support, this Investigation was supported by grant No. 023
7167A, Research Foundatlion of State University of New York.
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in the mean at this location when compared with the long-term mean data for summer
at Juneau (Little, op. cit). The association of the mean daily ablation with the

daily mean values of cloudiness, temperature and relative humidity are evident in
Figure 27, as .onsidered in preceding section.

The low diurnal range of temperature and humidity further indlcate the maritime
nature of the location. Over this observation period, cloudiness showed no marked
diurnal variation, but was possibly slightly higher in the late afternoon. Diurnal
variatiors h ablation were not determined in 1973,

The period of analyzed observations is relatively short, but it appears that the
climatic pattern cannot be considered typical of the long-term mean conditions

over the early ablation season in this region. However, if these condltions represent
a secular fluctuation of climate and mass balance trends and are considered in terms
of 3 shifting positlion of the Arctic Front, the present conditions reveal the inland
shift ot storm tracks and the phasing in of more maritime conditions on the Juneau
Icetield...an affirmation of Miller's conclusions in recent years (i963, 1972b, 1973).

Weather and the Generat Circulation of June 1973

A well-developed Gult of Alaska Low was a prominent feature of the 10,000-foot (700 mb)
height map for June 1973 (Fig.43). This Low was slightly east of its May position
(Dickson, 1973) , as were the other major components of the wave train over the
Pacific Ocean (Taubensee,i973), in response, partially, to the continued strength

of the mid-latitude westerly flow. Wind speed along the axis of maximum 700-mb

wind from south of Japan to the Washington-Oregon coast averaged at least 5 meter/
second faster than normal over the entire route. The maximum departure, in excess

of Il neters/second, was reached in the strong height gradient between the Gulf

of Alasta Low and the broad subtropical ridge to the south (Taubensee, OP cit).

‘lean 700-mb helght departures fell over much of western North America from May

to June as short-wave impulses from the mean Low in the Gulf of Alaska moved east-
ward across the continent, The blocking High over western Canada weakened slightly
an¢ moved northward while the southern portion of the associated ridge was less
amplil fied than it had been in May (Taubensee, op cit).

Tnese circulation relationships for the months of October 1972 to October 1973
are ncted In the diagrams in Figure 43.

Snow/Firn Surface Conditions and Seasonal Terrain Changes

The snow cover, or firn-cover, may be continuous, with a smooth, gently, undulating
or slightly rippled surface, or it may be broken up by active or stabilized

drifts (or by suncups in summer). On the Lemon and Ptarmigan Glaclers, the

sncw surface exhibits a patterned microrelief, The surface features may initially
be caused by accumulation of snow or by erosion. The long axis of the pattern
found in snow appers to parallel the wind, but the uniformity ot the pattern is
usually quite striking. Future research will determine the relationship of the
duration and intensitv nf the prevailing winds to the amplitude and frequency of
snow surface features,

When the ablation season starts, the snow surface becomes pock-marked, or rilled,
as meltwater moves through the pack, and eventuaily the surface exhibits ablation
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teatures as sun cups (UMtle,'728).Thus It is almost Impossible to apply a rational
classification scheme to the patterns and features which produce characteristic
snow and firn scapes. However, since snow-surface or firm-surface conditions In
different seasons may control operations In regions dominated by snow or fim
cover, It Is essential that some information about such surface features be
inciuded Iin snow and firn observation reports.

In 1969, Dr. Edward Littie of the Juneau lcefield Research Program inltiated a
terrain roughness project to create artificlal smoothing of suncups. The 1969
ablation study was only of limited success on the Lemon Glacier. Dr. Little
continued these studies on the Camp |0 névé in 1970, at Camp 25 in 1971 and at
Camp 29 in 1972 (some aspects of which are briefly noted e!sewhera Little, 1972s),
He concluded that the large quantities of chemical (hexadeconal) necessary to
accomplish effective smoothing over large areas render the method impractical.
For special micro-surface research and in other small area app!ications, however,
chemicai spreading may find a unique use. Bugh (1972) described the possibllity
of forest fire control of cliimate, using an |llustration take: from the 1969
ablation season. In this season smoke from forest fires flile. the skies for
many days and much of the smoke settled on the Lemon Glaclier, resuilting in

a :.latively smooth surtace

Surface Conditions of the Early i973 Ablation Season

Through the middie of June, 1973, the surface had few suncups or similar topo-
graphic features. Later in the month, small rills were evident with an
accumulation of dust. The rills were generally oriented northeast-southwest.
Suncups were present on June 27-28 but were less than 2 cm deep. Rain through
June 29-30 almost completely destroyed the suncups but the rills persisted. The
ritls can be traced to cols suggesting wind origin,

Suncups were again present on the upper ndvé on July 3 and aligned with the wind
simllar to transve-se dunes., The surface was pocked by July 1CQ, but rain began
on the 10th, washing out most of the suncups by July 13, The rills were still
very prominent nonetheless.

Pfarmigan Glacier Surface Characteristics

Rills were accentuated by dust and red algae by June 26 but no suncups were
present on the upper névé. Rill orientation was northwest-southeast. By July

!, the rills attained a depth of 5 cm. Suncups were present on July 4 on the
upper ndvé., The lower névé was deeply pocked (15-25 cm) with suncups accentuated
by red algae and dustaccumubtion. Rills of 30 cm depth were very common on the
lower névé on July 4.

Firn-Pack Hydrology

In 1965 (Bugh, 1966), a new research station was constructed on the ridge between
the Ptarmigan Glacier and the Lemon Glaclar 1o serve as a base for continuing
study during the upcoming International Hydrotogical Decade (IHD). The Lemon
Glacier constitutes what may be called a representative basin for research on
hydrological systems as a basic component of the IHD program. The hydrological
records and previous glaciological work show that the Lemon Glacler has been
gradually diminishing in size over the past four decades. Bugh (1966, 1972)

and others (Miller, 1972bkhave shown that this trend s reversing itself.
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Continued research is up-dating, amplifying and analyzing glacio-hydrological
cbservations fres 1948 to 1975. The water/ice balance is being investigated
: i with respec ‘o runoff and retained volumes of ice in each glacler, adjusted
F l for effects .f impounding, canillary retention and precipitation trends...
; aspects of which have been dealt with in a number of the studles reported on
in This present report,

- Fecords of englacial temperatures have been made during each ablation season,
and liguid ~3ter movement in the firn-pack measured with collecting funnels
‘nstalled at selncted pit levels. Dedioyment of these funneils revealc that
usually after the end cof August downw rd gercolation of propagated surface water
i- confin~d almost erclus:vely to the upper 125 centimeters.

“'a| taa*er moverent has been studied by means of specially designed galvanized iron
‘innels whic" were connected by a rubber tube to a collecting bottie. These
funrels were placed in niches excavated in thn north- and west-facing walls of the
Lits to a horizontal depth of approximately one meter and then walled-in with firn
so that they could not be influenced by radiation. Such maitwater movement studies
nave been conducted on the Taku N&vé by Leighton (1952) and Miller (1954), Add!-
tional studies wera conducted ¢ the Lemon Glacier in the latter pari of the 1965
ablation season. The results sncw large amounts of water are continuall!y per-
u13i-3 *arcyagn the ticn and that the actual magnitude of flow is dependent on
meteoroiogizal concitions (Bugh, 1366),

E

i Thne furrels were placed in the firn-pack *o deter nine what intluence was exerted 1
on water mcvement by taras of ice. The results show that meliwater percolates to

: 3 doptt slinghtly -jreater than cre metar (August 18-27, 1965), Tre zero degree
centitrade 1zotnrer™ was -ner at @ depth of 30 cr. where an ice hand was forming. ]
“zm puretrometer rrofiles show that the ice band was continuous throughout the
cemer lacier anc prevented percolation below Its depth. .herefore, within the

‘ rév® Of the Lernr -l137ier much of the surface propagated meliwater was recap-

rireg 2* 2 Jertr * Iesg than one meter,

“al*iaror roverent &5 - lse studied ir the Lemon Slacier firn-pack during the
sariy 1362 atlaticr season, “eltwater refroze only a few centimeters telow the
_arface wnere an ice t-°nd was observed increasing in thickness until July 8
wnen irvercepsted t, the ablation surface.

friiaclial Temgerature 'asurements and their Regime Implicztions

“na agriy acta*ior season of 1373 was cnaracterized by a normal pattern of surface
“a: 73, rosever, colliecting funnels deployed ir the ti, - pack receivec almost
-, uiu.aJated water. This can be explainecd. in cart, by the facis ~hat (i) the
".3tisral weather ¢ vice at Jjuneau recorded a departure of -6.38°C for the
~ater talance year tc tre end of June and (2) by the firn-pack's low temperature
ot =5,.0°C on June 72, 1973. As late as July 17, 1973, the temperature of the i
“irn-pack was -1.0°C, which was most unusual for this Temperate maritime glacier.
‘rece low temperstures reasured in 1673 may have hindered the movement of melt- A
.ater c¢n the Lemon and P*armigan Slaciers but few extensi 2 ice layers resulted !
‘-om tne accoripanying refreezing of meltwater, ‘

~am penetromeier profijes (Bugh,'® do not indicate that any significant ice bands
formed In the fi'n-pack during the interval June 19 through July 17, 1673, The
lack of lce band formation accompanlied by tne low firn-pack temperatures could
indlicate *that in this abnormally ccol summer the névé surface lowe-ing was
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accomp| ishad in part by evaporation and compaction rather than melting and Inflltra-
Tion, although evaporation Is not normally found In this strongly maritime locale.

Collecting funnels were placed in the flrn-pack under rills (Fig. 44a) on July 21, 1973,

On July 22, one funnel had collected 3510 ml of water (over a 20 hour,45 minute-

period).On July 23, an additional 3850 m! occumulated (over an 18 hour, 45 minute-
pericd). Surface lowering would appear to be accomplished through meltwater move-
ment along rill zones. The rills appear similar to stream channels (Fig. 44a, b).
Further investigation could paraliel the methods employed by fluvial geomorphologists.

Surtace '"Drainage" Patterns, The!r Geometry and Possible Explanation

Stream channels draining the land are htegrated Into varied drainage patterns.
Drainage networks have highly probable patterns when analyzed statistically, On a
gently sloping surface of homogeneous rocks, a random pattern forms, with the possi-
bility of stream flow In all dlrections being equal. A steeply sloping surface will
cause a cdeviation from the ideal distribution of stream-flow direction.

Morisawa (1968) discusses the "laws" of drainage composition and shows deviations
suggesting that the "laws" simply represent stutistical relationships. The hy-
graulic geometry of the rills on the Lemon and Ptarmigan Glaciers deviate from
the "laws" of drainage composition to such an extent that the basic nature of

the rills mus. be different érom that of streams (except for the larger runnels).

Orientation of riils and runnels (Fig. 44) syggests that they are of wind origin
(or sut-surface water flow on buried ice strata.,.Miller) rather than surface water
1ra’nage channels. The fact that some rills rise over topographic surfaces (Bugh,
1374) sujygsts that they are not of running water origin, Following thair inception,
many rills serve as traps of algae cnd dust. The dark color of these substances
rezusces *ne local albedo and accentuates melting, hence deepening the rills.

Lurface lowering on *the upper névé of the early ablation season (June 20 to

July 22, 1973) ave- 17e1 approximately 4 cm per day. Meltwater movement through
the firn-pack was oo ‘ially non-existent during this time. Again, evaporation
and compaction in thi_, unu,ually cool summer would seem to be a better exp!ana-
tion than meiring and infilfration (usually associated with warm summers) as the
cause of surtace bwering,

ilercolation funnels collected considerable quantities of water after July 21, when
ce- in olace ynder rilis c¢f the upper 2& : on the Lemon Glacier, although no mett-
~c€r o .ement was cbserved in the ills. This suggests that the riils are not
crannels by which melitwater moves k> that the July 21 date is more significant in
tte aplation history. The firn-pack was below 0°C through July 17 and little water
w235 noted in any percolation funne! to that date. On July 21, however, the firn-
pazk Decame essentially isothermal,i.e. at 0°C (see below) and significant quan-
tivies .+ water were collected immediately following this date.

Firn-Pack Temperatures at Given Depths- Lemon Glacier Névé (4100°)

22 June '73 30 cm 50 ¢cm 100 cm 150 cm 200 cm 300 cm

2°C 0°C -1.0°C 0°C -1.0°C -1 0°C

21 July '73 n°c 0°C 0°C 0°C n°c 0°C
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E. DETECTION OF THAWING FIRN IN HYDROLOGICAL BALANCE CETERMINATIONS
THROUGH NEAR-INFRARED IMAGERY FROM ERTS-1 SATELLITE *

R i |

In the summer of 1972, NASA launched its Earth Resources Technology Satellite
(ERTS) which has a sun synchronous, near-polar, near-circular orbit. Looking down
from 567 miles, It views areas every I8 days. The size of the synoptic view and
the ground resolution of ERTS Instruments dictete that experiments in hydroiogy

cover regional targets, such as targe lakes, soll-moisture distribution, snowfields
and iceflelds.

Eariier work has shown that hydrological balance studies can be aided by determina-
tion of the seasonal névé-iine position (data since 1945 given in Tables IX and X).
Remote sensing by ERTS of alilied shifts in translent snow-lines and seasonal névé-
lines could enable the plotting of short-time interval changes in dimension and
position., With the addition of such ccntinually monitored Information, greater
precision can be added to the determination of annual mass and Iiquid balances

ot glaciers.

Table IX Late Summer Névd-Lines and Hydrologic Balance of the Juneau lcefield
(Data from Miller, 1965, 1972b, Bd; Egan, 1965)

Re e Seascnal Névé-line Elevation (feet) General Hydrologic Balance
Yeo o in the Taku Glacier Sector of Coastal Icefield Sector
1974-75 2600 Strongly Posttive
1973-74 2800 Positive

(272~7%2 2850 Positive

1G741-72 290C Equilibrium
1479-71 2800 Poslitive

19£9-70 2700 + Equitibrium

1% 8-69 240C + Strongly Positive
19¢7-68 2900 + Equilibrium
1466-67 3050 Near Equilibrium
1465~66 3:00 Near Equilibrium
1764~65 2650 Strongly Positive
19€3-64 2450 Strongly Positive
1562-53 2850 Positive

1961-62 2950 tquilibrium

1 3650-61 2900 Equilibrium
1353-60 3100 Equilibrium
1458-59 3000 Equilibrium
t3%171-58 3050 Negative

14956-517 3200 Negati ve

1355-50 3200 Negative

1954-55 2550 Surplus

1953-54 3200 Negative

1952-53 3300 Negative

1951-52 3100 Equilibrium
1950-51 3430 Strongly Negative
1949-50 3300 Negative

1948-49 2600 Strongly Positive
1947-48 2850 Positive

1946-47 2950 + Squtitbrtum
1945-46 3200 + Negative

* From Dr, James E, Bugh, Dept. of Geology, State Unlversity, Cortland, N.Y,

[
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Table X Hydrological Balances, Lemon Glaciar, 1945~75 *

Budget Year Seasonal Névé-Line (Elev. i1 ft.) Hydrological Balance
1974-75 3300 Slightly Positive
1973-74 3550 Negative
1972-73 3650 Negative
1971=-72 3700 Negative
1970-71 3650 Negative
1969-T70 3500 Negative
1968-69 3250 Posttive
1967-68 3500 Negative
1966-67 3700 Negative
1365-6¢€ 3600 Negative
1964=-6% 3200 Positive
1963-64 2900 Strongly positive
1962-63 3150 Strongly positive
1961-6C 3650 Slightly negative
1960-61 3550 Stightly negative
195%9-6C 3700 Negatlive
1958-59 3750 Negatlve
1957-5¢€ 24%0 Negative
1956=-57 3225 Negative
1955-56 3600 Negative
1954-55 2625 Positive
1953-54 3500 Negative
1952-53 3375 Negative
1951-5C 3225 Negative
+350=51 3459 Neqgative
1949-5" 3375 Negative
1348-49 3159 Positive
19547-48 3300 Negative
'3d6-47 3353 (?) Negative
13d5-40 3150 Positive

*1345-56 data from !'arcus, 1964; other data from Miller, 1963, 1972b,personal rom,
The *ulti-Spectral Scanner (MSS) of the satellite Is a line-scanning device using

ar nsdlletion mirror fo scan terrain. Four synchronous images are producec, each at
a lifferent wave band. The wave-lengths for the bands used in this study are:

ar4 5 (lower red)...0.6 to 0.7 micrometers and B8and 7 (near 1R),..0.8 *c |.l micro~-
me~ars, Band 7 is best for land-weter discrimination while Band 5 is best for
+r.uorapnic and cu' rural fearures, such as drainage patterns, roads and towns.

ihe luneou lcetield appears very black in the Multi-Spectral Scanner Band © imagery
(Fig. 4%3) ot 11 Auqust 1972, |ts appeararce Is distinctly different in Band 7
imajery; (Fig. 45b) of the same date. |In Figure 45b, the terminal areas of the Taku,
“orris, Lemon, Mendenhall, Herbert and taglie Glaciers show a brightness reversal
(light irn tone).

| 3
fresh snow appears light in tone on both Bands 5 and 7 (dark in Fig. 45), because
the prints were made from 70 mm black anc white transparencies. The near-IR bright-
ness reversal of the glacier termini is due to melting of the firn-pack and absorp-
tion in the infrared while still reftecting in the visible, Strong at al (1971) in
a review of the |lterature on spectral albedo show fresh snow under clear skies to
display almost constant reflectivity over the range of the visible spectrum. Reflec-
tance of wet snow In th> visible Is invariant with wave len,tn but slightly tess than
that for dry snow. lowevar, a 16 % drop In reflectance for wet snow has been ob-
sarved in the near-!- compared with an 8 § drop for dry snow.
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The extinction coefticient of pure water for wave lengths of band 7 (0.8 to 1.1
micrometers) Is approximately | (Strong, et al, op. cit.). For a beam of In-
coming radiation to penetrate a surtace water fllm, retlect from an underlying
ice or snow surface, and pass again through the water film, the water film must
be considerably less than | cm thick, Considerable absorption would be expected
for even 8 | mm layer of water. Thus the appreciabic reflectance drop in the
near-IR would not require a visible tayer of wri. .

Meteorological data for Juneau on August I, +¢T- - ‘’ca‘. > man temperature of 59°F
(15°C). This substantiates melting conditions on t.. i ! ... ts of the icefleld.
The following listing shows the elevations of the neai -ii" .~ shtness reversal

for this || August 1972 imagery on six key glaciers,

lcefleld Elevations of Nesr infrared Br':-:. .. Reversal,!l Aug. 72

Glacier Elevation (ft,)
Taku 2600

Norris 2200~-2600
Lemon 3000
Mendenhal | 2500
Herbart 3100

Eagle 2700

Cn the lower firn-pack, the ablating firn absorbed a sufficient amount of in-
cident radiation to cause it to appear light in Flgure 45b, At higher elevations,
the firn-field remained frozen and highly reflective in the near-infrared.

The extent of ablation on the Juneau lcefield, as suggested by Flgure 45
implies a transie~t ndvé-iine position for each of the six glaciers listed above.

Although August Il was nct significantly late In the ablation season, the possible
névé-!ine positions do suggest a probable mass and liquid balance for the 1971~

72 hydrological year. Névé-lines of 2600 feet and 3000 feet for the Taku and

Lemon Glaclers respectively indicate equilibrium balances for both glaciers

(see previous tabulations of hydrological batlance, Table IX, re mlid-September positions).

Whereas the results of this study a~e preliminary and the explanation only tenta-
tive, a case Is made for the detection of nbvd-lines on the glaciers of the
Juneay lcefield and on c*-~~ Icefie!ds around the globe by remote sensing from
earth satellites. This datection method takes advantage of the strong absorption
ot incident radiation in the near-infrared (Band 7) by a covering fiim of water,
T-e ftwc-band measurement, of course, provides further Information on firn and

ice concitions beyond that of mere!y delineating the boundary of ice and snow-
covered areas.
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F. COMPARATIVE LIQUID WATER CONTENT OF THE TAKU, LLEWELLYN AND CATHEDRAL
GLACIER FIRN-PACK*

Firn Stratigraphy, Upper Taku Glacier Névé, August, 1972

For comparison with similar profiles in previous and subsequent years of the
Juneau lceflield Research Program, test-plt measurements were made on the upper
Taky Névé at elevations of 5,850 feet (1725 m) near the Camp 8/18 Junction and
a3t 6,120 feet (1850 m) near the Camp 25/26 Junction on the crestal nbdvd of the
Taku~Llewel lyn transection glacier system., Only representative data are here
discussed. These were obtained between late afternoon of August 19th and early
morning of August 20th, 1972, Stratigraphy, density, grain size and free-water
content determinations were made. The resulting data are shown In Figure 4¢,

(1) Stratigraphy and Graln Form

As shown in lFigure 46, the late-summer stratigraphic thickness of the i971-72
firn-pack on the main high-level Taku Névd was 15'I" (4.51 m). |t was i3'7"
(4.1 m) in the pit at the crestal ndvé, at an elevation 250 feet (76 m) highur,
This latter value represents total retained firn above the 197} annual summar
ablation surface just south of the "sun-line" on the upper Llewellyn Glacier.

In the tirn of each profile there were many bubbly ice plates (strsta) and ice
lerses into wrnich ~elt-water from solar radistion and rzin had been refrozen,

‘he firn 5rain sizes averaged |1-4 mm in diameter and were rounded in torm,

naving experienced the first stage of constructive metamorphism, The larger
crystals were fcun? Immediate!, above a thick Ice stratum delineating the 1971

| 2te=simmer cyr*ace. This zone was comprises of depth-hoar crystals, as manifest
L, their quite coarse texture. Some of the crystal stapas were prisms and pyra-
mids a-d some w2~ cup-shapad,..l.e., hollow forms, In spite of tree-water ccntents
>f 3.8 to 7." per ..:ir*., This means that the depth-hoar was initiated after the

end ot the 1970-71 summer ablation season, probabliy well into iate September,

“he base of the annual azcumulation increment was quite easily identlfled

ty this distinctive zone and the annuai ablation surface (A.S.,Fig. 46) it represents,

Jummation: The annuai accumulation for 1970-71 on the 5850-foot (1725 m)

~8v8 near the Camp 8/18 Junction of the upper most Taku Glacier was 8.27 feet
12,506 m or 2506.5 mx/fer’) in wzter equivalent. At the crestal site on The upper-
mos t L!ewe!!§n Glacier NAvA 1t was slightly less...l.e., 7.97 feet (2.415 m or
2415.0 mn/cm®) water equivalent. Respectively, this represenfed a mean of approxi-
mately {5 feet (4.6 m) of late summer firn,

(2) Density Profile

As shown In Figure 46, the densitv proflie at the Camp 8/18 Junction was falrly
uni form at every levei, except above the 0.6 m depth. In the crestal névé
profite, the dersiiy gradualiy increased from the firn surface to about one meter

* from fleld measurements by C.w, Kreitier, Dept. of Geology, Unlversity of Texas

and F, Nishlo, University vf Hokkaldo, Japan, with the assistance of the (972
laciological Institute participarts.
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depth., Below this depth, it remained uniform at about 0.58 g/cm3 to 3 meters
and wac variable down to the 1971 ablation surtace, Thl§ suggests that the bulk
density cf firn at the Camp 8/18 Junctlon was 0.557 g/cm” and at the test pit
near the Camp 25/26 crestal ndvé Junction was 0.575 g/cm3,

free Water Content

For liquid water content measurements the calorimetric method was amployed using

the equipment and procedures noted in Appendix F, The free water content at the
Camp 8/18 Junction pit gradually decreased from 2|.| per cent on the snow surface

to 3.8 per cent at a depth of 14 feet (4,24 m), as noted in Figure 46. The

tree water content in the crestal névé was stable at about 6.6 per cent to 10.6

per cent, except it was O per cent at a depth of 0.6 m, probably reflecting a
refreezing in the cold air of the middle of the night when these data were obtained.

An acceptable mean for the free water content values Is approxinately 3 per cent
of the amount of annual accumulation which comports with the mid-summer averages
of 12 to 30 per cent Iin the firn-pack at the elevation of Camp 10 (i.e., near

3600 feet (1090 m) as determired in previous JIRP seasons, Mi|ler, 1954, 1972b).

In Section G additional firn stratigraphy and free water content measurements are
regorted in the 1972 firn-pack...one at a -cmparable elevation and three at lower
elevations on the Taku (:lacier. It Is noted that additional firn profiles were
obtained at these sites in 1971, 1973 and 1974, but th» presontaticr of all these
comprehansive records Is beyond the limits of this report.

Free Water Content “easurements on the Cathedral Glacier Névé

Jn the upper névd of the Cathedral Glacier, hourly water content was measured

with the calorimeter during daylight hours of September 7, 1972, The test-

pit location was above the ndvé-lire at an elevation of 9850 feet (1770 m), (Fig. 47)
This equates to t-c mean elevaticn of this highest ndvé, A+ the same time,
mateorological data were obtained at Camp 29 (Flg. 1), as well as surface stage
records from the ¢lacler's pro-glacial lake at 5500 feet (1700 m) elevation,

5trear: level recorde in the outlet stream down-valley from the terminal moraine
~omplex were obtained during the summers of 1972 through 1974, Reprasentative

data from these records are discussed In the following section.

in 1972, tha Cathedral lacier had z very small accumulation zone (névd), in-
dicating a quite negative mass balance for that year. In 1973 and i974 the
annual mass balance regimes were zlso negative, but less so (contrastina Taku ‘' 1,Table

Test pit measurements at the same place as tha free watar corntent measurements
17e graphed In Figure 49. Cmsigniilcant observatioa from these data is that
tna firn (dansity about 0.560 g/cm3) qulte suddenly changed to bubbly ice at a
depth cf 130 cin, This suggests that firn becomes glacial ice at shallow depths
on this glzcier and that snow and firn are transformad *o ice In as short a
period as two fto three years, probably via the process of refreezing of melt-

water into superimposed ice.

fhe same kind oi Sratgraphy hac psen recognized in the accumulation area on
"cCall Glacier, located north of the Arctic Clrcle in the Brooks Range, Alaska...
a glacier which is classifled as sub~Polar. Englacial femperature nezsurements

13
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on the Cathedral Glacier in 1972 also suggest that this glacier Is thermophysically

sub~Polar.

Free water content was measured at di fferent depths below the snow and firn surface,

i.e., at 20 cm, 50 cm and 100 cm (Fig. 47), On the firn surface, the FWC seemed
to have increased with solar radiation shortly after noon and to reach a maximum
vatlue of about I3 per cent whether the firn surface was in the shade of tha cirque
headwall cr not, (When the surface was In the shade, a frozen surface extended

10 a depth of about 7 cm). At depths of 20 and 50 cm, the FWC was uniform at
about 5 per cent, but at 3 depth of 100 ¢m 1+ showed fluctuations Influenced
apparentiy by percolating water.

As shown In figure 48, the relation between amblent alr temperature and FWC

on the firn surface was striking. Strong reductions In FWC were established
~#ithir. rne hour after the névd became shadowed. Good correlation was also found
between FWC reduction on the firn surface and varlations in take level, This
showad up within 2 to 3 hours. For example, it took this amount of time for run-

off water melted by solar radiation from the firn surface to flow down and reach
the proglacial lake,

Also, 3s expected, run-off water levels in the outflow stream located below this
iake might be correlated directly with lake leve! stages, but the stream stage
appeared to experiance peaks of flow one to two hours eai-lier than the water
level peaks on the lake stage recorder (Fig. 48). This is a seeaming paradox which
relates to othar factors considered in Section | below.
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G. FIRN DENSIFICATION AT DIFFERENT ELEVATIONS AND CLIMATES ON THE
JUNEAU ICEFIELD*

During the suwmer of 1972, observations and measurements were msde on snow and
firn conditions at four selected locations at four differentdevations on the
Juneay lcetield representing different climatic situations. Our purpose was to
consider formation of new and old snow Into firn and firn Into glacier lce in
the temperate conditions which affect the maritime névds of the Icefleld.

Observation sites were chosen on the ciimatological transect from Camp 10 to
the Camp 8/18 sector of the Takuy Glacler's highest nbvh (or from 3500 feet
(1060 m) to above 6000 feet (1820 m) elevation, v. Fig. | ). The locations were
adjacent to key camps. Near Camp 10, the site was 108, at 3500 feet elevation
(1060 m) at a point one-half mile south of the field station. The Camp 9 site
was at the Camp 9/18 junction at 4900 feet (1500 m) and site 83, below Camp 8,
was at 5850 feet 5”5; m), On this transect, the climatic conditions gradualiy
change from a typically maritime and geophysically temperate slituation at

Camp 10 to sub-temperate thormonhysical conditions In a sub-continents! environ-
ment in the Camp 8/18 sector, and a sub-Polar condition on the highest ndvés up
to 7100-8000 feet (2150-2425 m) near Camp 25 on the Mt. Nesse|rode/Mt. Bressler

Plateau (Fig. 2). The Mt. Nesselrode section of this rransect Is to be discussed
in a later report.

Borings were made in each location and core sampies cbtained from the bore-hdes.
Measurements were r'scorded on stratigraphy, density, hardness, grain size, free
water content and temperature of the snow and firn in situ, Tha results obtained
are tabulated irAppendix G and graphed in Flguresﬁ 2 and b.

The results strongly suggest that melt-water percolating into the snow and firn
materially weakens the mechanical strength of snow and firn and therefore pilays

a significant ro!e in the densification process. Surprisingly, densivication of
snow and firn seems to proceed faster in the colder regions of the icefield *han

in the warmer and more temperate sectfors. This is weil shown In Figures 50 a and b,
vhich reveal gensrally higher densities and Increased zones of straticulated ice

and iced firn (Mliter, 1955) in the more elevated test-pit a»nd bore-hole sites

on the icefield. In turn, this suggests that percolating meit-water may play a

more Important role in the densification process of snow In the higher and

colder elevations in the accumulation zones of all temperate and sub-tomperate
glaciers. This probably rolates to the polythermal nature of such multiple ndvés
(i.e., where there are persistentiy colder englacial conditions at higher elevation),

Related glacio~hydrologic investigations were also made on tha lower reaches of the
lendenhal | Glacler, one of the thermophysically tempera‘te valley giaciesrs stemming
from an intermediote elevation névd of the icefielid. This related study is described
in the following section as it relates o the rola melt-water piays e tha growth

of Ice crystals and in the related process of glacier fiow,

* This research was conducted under the dlirection of Dr. Gorow Wekohame cf the

- Institute of Low Tewperature Science, University of Hokkaicdo, Japan, assisted by

several graduate students in the Glacioiogical Institute.
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H. MELT-WATER PERMEATION BELOW THE NEVE-LINE *

During the 1971 summer field season, some melt-water studies were conducted
below the névé-line on the Mendenhall Glacier by Dr. Gorow Wakahama and students,
As this study forms such a useful transitior in the interrslation between névé
ablation and ultimate runoff from sub-glacial channels (noted In the preceding
sections), it is Included here with Dr, Wakahama's kind permission as an im-
portant adjunct to the discussions in the preceding two sections.

Melt-water permeating through a glacier body has been widely discussed in con-
nection with recent studies of glacier surges. At the beginning of March, 1968,
Or. Wakahama and T, Takahashi found that on the Mendenhal! Glacler melt-water
permeated the glacier body even In early spring (Wakahama, 1969; Takshashi and
Wakahama, 1970). The mean air temperature during the period of observation was
a few degrees above zero Centigrade. Melt-water percolated from the wall of a
pore-hole drilled to 7 m depth at the lowsr part of the glacier. The ascending
speed, YV, of the water level in the hole was measured at 50 cm/hr at a depth

of 450 cm and 40 cm/nr at a depth of 250 .centimeters. Assuming that Kirkham's
formyla for the hydraulic conductivity of soll holds in this case, the coefti-
cient of permeability of the glacler ice mass was 6 x 10-6 cm/sec, which corres-
conds to that of compact siit,

In the summar of 1971, in further pursuit of this study on the Juneau Icefield,
the glacier body was again studied on the Mendenhall Glacier by similar methods.
A network of water channels, through which the melt-water permesated, was ob-
served both on the Mendenhall Glacier and on the 'cCal! Glacier In the Brooks
Range of northern Alaska,

Method tor Nbtaining Woter Permeability ot Glacier Bodies

The method of obtaining the water permeabiiity of the Mendenhall Glacier was
‘ne sam@ In priri: le as that for obtaining the hydraulic conductivity ot soil
jeveloped by Kirkrarm (Kirkiham, 1954), Drilling was carriad out to a depth of
2-3 mpters to take out ice cares using a SIPRE-type hand auger. The bore-
"le was used as a well to obtain the water permeablliity of the glacler btody.
The level of water in the bore-hole was first measured just after the water
stcpped rising, Then, the water was bailed out of the hcle with a stainless
s3teel cylinder (50 cm long and 6 cm In diameter) which had a vaive at the
sottom, A small amount of salt was put into the hole to make the water elec-
trolytic. Then a pair of viny! wires, with an exposed junction at the tip,
~as hung down into the hole. At the moment when the tester connected to the
alres indlcated a closed circuit, the length of the hanging wire was measured,
vielding the water leve! a*t a given time, and hence, the rate of rise.

hydrometric Results

Jn the tower Mendenhalt lacler, about 1.5 km from the terminus (Appendix H),

borings were made at three selected sites: (1) on a flat and wide ares (site

81); (2) near a supragiacial pond in 8 concave area (site B2) and (3) on

the tor of a glacier ridge (site B4). The results obtained at Sites Bl ang B4
are s::own respectively in Figures 5!s and b, Iin which the water level in the

* from notes of Dr. G. Wakahama, Institute ot Low Temperature Science, University
of Holkkalde, Japan . Dr. Wakahama is a research atfiiiate of the Juneau lcefield
FPesmarch Program,
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hole is plotted against time, At the beginning of the measurements, the water
ievel rose rapidly, but gradually slowsd down and then saturated the surrounding
ice. The tinal water level was observed at a depth of {0 to 80 cm beneath the
glacier surface.

Assuming that Kirkham's formula from goil| science can be applied to this case,
the costticient of permeability, K, of the glacier body was calculated in each
area:

K = 0.617 (r/sd). (Bh/at)

where &h is the Increment of the water vel withindt seconds, r Is the radlus
of the hole, d Is the depth of the hole from the final water level. s is a
ccetficient which is determined from the value of r, h and d.

o calculated value of K s | x 10"3cm/sec in the fiat and wide area; 3-5 x
197> cm/sec in the concave area; and 2-3 x 10°4 cm/sec on the glacler ridge.
These values of water permeat i|ity correspond to those of fine sand.,

The water permeability, K, of the glacier body at the same spot varied with time.
For example, at site Bl, K was found to be | x 10-3 cm/sec on July 31, but de-
creasad to 5 x 10-4 cm/sec on August |. The final water level was ‘ound at the
same depth in the hole on both days. The meteorological conditions on the glacier
were not very different on these two days. This suggests that the situation of
the water-channeis in the glacier body may be changed with time, Eventually, some
w#ater-channels may become narrowed and even closed.

The water fevel in the glacier body was also found to vary with time., For in-
stance, it gradually ascended toward evening as shown in Figure Sic. The

water level may be dependent on the melting rate at the glaclier surface. Fur-
ther observations are necessary to provide more detail on the daily variation of
water ievels,

sraln-Boundary wWater-Channegls in the Lower Mendenhal! Glacier

Although the formation of water-channels in the main ice body of this Temparates
jlaciar has recently been discussed in conjunction with glacier flow and theo
question of glacier surges, very tew observations on the very small water-
channels have been made in sity,

)n the thermophysicaily Temperate Mendenhal| Glacier , as well as on the thermo-
physicslly sut=Fotar McCal! Glacier in the Brooks Range, comparative observa- !
tions are available on the network of micro grain~boundary water-channels through i
which meit-water can permpate into the glacier body. !

dhan a ..all amount of diluted ink was sprayed on each glacier's surface, it
permpated down mostly along the pianes of the grain boundaries or through the
water-chenneis along the rripie grain boundaries in the glacier body. The flow
of the ink was cleariy observed on the wall of a pit in the Menderhall Glacier

terminal 20ne,

A network of such water-channels was observed in a large ice block cut from the
glacier, Melt-water contained in the water-channeis was percolating out of the
ice block from channels averaging | to 1.5 ma t.ick. Thus in this study the role
ot water channels is clarified with respect to the deep permsation of me!t-water
into Tempsrate glaciers. |f such meit-water reaches the bed, it can play an im
portant role in glacier flow and, via basal lubrication, even relate to the
character and cause of glacier surges,
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. I. STREAM GAGE RECORDS FROM THE OUTFLOW OF THE CATHEDRAL GLACIER,
: 1972-75 R

To correlate with the 1972-75 hydromstric records on Lemon and Ptarmigen
Cresks in the cosstsl valley of the Lemon Glacler System (Fig. 23), similar
hydrometric date have been ocbtained In these same years from Cathedra!
(Ei1eer) Creek, the outtfiow stream of the Cathedral Glacier in the Camp

29 soctor of the Atiin region., The locations of these two key resesrch sites
are Indicated in the inst bowes In Figure 2.

The records discussed in Sections B, C and D sbove relate to the summer
tiuctuations in Ptarmigen Cresk (as typlfied in Figure 30). The Ptarmigen
and Lemon Creek discharge deta may be compared with the records for the last
half of susmer from Cathedra! Creek, as noted In Figure 48,

Of significance is that the Cathedral Glacier runoff has been sbruptly ter-
mingted by freszing conditions in mid-September each year. For exzsple, In 1972
this was accomplished when a biizzerd brought the first winter snowtall

to the Camp 29 sector on Septesber (6. In contrast, in that sutumn, the

tiow in Prarmigan Cresk continued well into October. Such Is a reflection

of the meritimity vs continentality affecting the duration of snnuel run-

oft tfrom these two outtiow streams on opposite sides of the range (as

noted eariler in this report).

The tield records on the Cathedral Glacier only cover the June o September
period in each of the past four yesrs, but msasurements will be contlinued
through this decade. Dstails of the study to date sre given In several
sections of this report as they are so clasely aliied to other basic facets
of this regional terrain analysis.
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J. THE EVOLUTION OF SUPRAGLACIAL LAKES AND STREAMS AND FLUTED ICE
SURFACES ON THE GILKEY AND VAUGHAN LEWIS GLACIERS *

Wb A

During the summer of 1970 to 1974 a number of observations and measurements

: were made on the Gilkey and Yaughan Lewis Glaciers with respect to ice surface
b changes r¥ated to the development of supraglacial streams. This research is
still in progress and Is allied with the survey and photogrammetry work

; briefiy discussed in Part V., |t extends stujles on hydro-thermal erosion of

} glacier surfaces initiated by Dr. A.C, Pinchak In 1968-71 (Pinchak, 1972),

Supraglaclal streams develop during the warm summer months as a result of
melt-water produced by abiation. The melt-water which is not absorbed or
vaporized then runs to lower elevations and in so doing develops fributary
s and trunk stream systers. In many cases, as on the Vaughan Lewis Glacier,
‘ deep canyons are cut in the ice with nearly vertical sidewalls. These walls
. have flutings or grooves running parallel to the stream bed (v. Fig.52),

! An investigation of the origin of these streams and the genesls of their
fluted walls is trieviy discussed below.

PR

Research Locale and Investigational Methods

{
H
| A well-developed multiple moraine system occurs at the junction of the Gilkey
’ and Vaughan Lewls Tlaciers noted In Figures 23 and 55a,4The moraine is riven
‘ with a suraglacial stream system, highlighted in the tigures by spicular
reflections from the setting sun. 1n the left of the moraine is the Vaughan
Lewic lacier; 1o the right is the "5ilkey Glacier. The large arrow (Fig. 55) shows
] lirec*icr ot glacier flow, while the small arrow indicates the pouitions of
the down-glazier moulins into which the streams plunge and disappear beneath
i the ice. The areas closely studied are shown In the circled sectors.

Thy grainage channels do not follow strictly the crevasse pattern. Many cre-
vasses are watr--‘illec, with the water level (perched water tables ?) 20 to

3 fact below 1w .*ream levels. The streams sometimes follow a crevasse which
is fortuitousiy t.ated as along a residual depression formed by the closure of
a crevasse. Quite often the stream direction is Independent of the crevasse
pattern, be it present or relict. During the period 1968-1971, the strear:
systers were quite similar each summer, In 1972, stresses In the ce caused
severe changes ir the wave-bulge terrain at the base of the Vaughan Lewis |

' Icefall, with the result that by 1973 and 1974 a whcole new drainage configuratior 1
dJeveloped.

!isual readings ware taken of water levels at recording stakes In three stream
~hannals ancd a frash pool, Ambient air temperatures were taken by rapid whirliag
~f 3 ~onventional mercury-in-yiass thermometer at the same time as the stake

reading was recorded. !n mid-summer, the water leve! lowered at about 4 cm
per day. 1
Estimstos of stream velocity were obtained by measuring the time required by a l

{ surface float to move a3 measured distance. Cross-sectional profiles were

* This section is briefed from a manuscript report by Dr. A.C. Pinchak,

Assocliate Professor of Fluid Mechanics, Case Western University.
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obtained by steel tape traverses. Detailed measurements of grooves were
taken with a vertical plumb bob and tape. Development of the grooves (with
time) was directly ocbserved by periodically measuring the vertical distance
between the stream surface and reference pltons placed in the canyon wall.

Of the two main streams studied, one drained through the moraine In the zone
between the Gi!key and Vaughan Lewis Glacler; the other from a pcrtion of the
area just below the Vaughan Lewis lcefall. The latter each year has connected
several lakes impounded annually between the wave-bulges (Fig.s53), The stream
draining from the wave-bulge or ogive sector is referred to as the "ogive
stream™; the other as the "moraine stream”,

A levelling rod and theodolite were used to determine the longltudinal profile
of the moraine stream, Reference stakes placed in each stream allowed the
variations in water level to be observed and compared. Cross sectional profiles
of the submerged bed of the moraine stresm were delineated as well,

The Hydrological Analyses

Figure 568 andb show typical variations in lake level, with air temperature
and time of day. In order to relate a variation in pool level with stream flow,
the storage effect of the pool had to be considered. The lag between pool

depth and volumetric inflow rate was on the order of 5 minutes. Thus for

our present purposes, the pool level is related to instantaneous flow.

Air Temperature and Stream Flow Lag

Figure 55z and 56b also revealk a 1ag between air temperature variations and
stream flow., This effect is due to the time required for melt-water to seep
along the surface unt!l it enters the tributary stream system, The curve In
figure 36 results from calculation of the cross correlation function between
the two time serles: air temperature and lake level. The cross correlation Is
defined by the following expression (see Kisiel, 1969):

1+aT _ _
g-!f):,;'-:rf[uuf)—i_cuﬂj-Le(t)-em] at
t

where L(t) is the time dependert lake level, §(t) is the temperature variation,
and 1: is the time shift, |In order that a cross correlation calculation pro-
duce a useful result, it is necessary that the correlated functions have a mean
value of 2ero and that any long term trends or "drift" be removed. Data from
19 July through 21 July were utilized in the calculation of Figure &7 . For
this period, the temperature displayed a steady trend so a constant, average
value of @ was calculated, 8 = 40.45°F. However, the lake level (L(1))

was fluctuating about a decreasing mean value. This trend was removed by a
suitable function, L(t) having a slope of -0.057 in./hr. The cross correlation
integration was carried out numerically on a UNIVAC |In8 digital computer.

Inspection of Figure 57 shows that the maxima and minima of C (T ) are well
defined. The maximum correlation occurs with a time lag of 5 hours. For

Py




the case of two, sinusridal, diurmnal functions, a 12-hour time differencs

between the maxima and minima in C(T) is anticipated. The maximum occurs

when the time shitt (T Jresuits in the two signals being "in phese”, whereas. the
minimum C (T ) occurs when the functions are "180° out of phase". Figure 57
indicates a time difference of 11.5 hours between the me :Imum and minimwm values
of C(T). This last result provides additional support for acceptance of the
aforementioned S-hour time lag for the drainage basin obgerved here.

Helmers (1967) has recorded the stage variations In Thomas Lake, which iles
below the Thomas Glacier on the Juneau icefield. His data show diurnal
fluctuations which are nearly sinusoidal in shape, but with the rising stage
somewhat steeper than the falling stage. Maximum stage occurred et about
2100 to 2200 hours each day. As the peak alr temperature usvailly does not
occur after 1600-1700 hours In this area, a time lag of 4 to 6 hours Is also
suggested for the Thomas Lake data. Similarly, as noted elsewhere, 8 several
hour time lag Is indicated in the summer stage levels of the pro-glacial lake
of the Cathedral Glaclier near Camp 29,

Adams (1961) also measured the inclident shortwave radiation on White Giacier
In the Canadian Arctic and noted a correlation between this radiation com-
ponent and the stream fiow. “is data iIndicate a somewhat shorter time lag
(two to four hours) between the peaks in the shortwave radiation and peaks

in the stream flow variation. Inspection of Table X indicates that,es-
pecially on clear bright days, shortwave radiation is the dominant heat trans-
fer mechanism to the stream. And thus it would be expected that stream flow
should correlate better with radiation than with air temperature, an ob-
servation borne out by our recent research on the glacio-hydrology of the
Ptarmigan Glacier. * Unfortunately, a radiometer was not avallable durlng

the course of this particular research On the Vaughan Lewis-Gilkey Glacier System.

Effect of Radiation Cool ing

One of the more interesting aspects of the pool level variations observed
here Is the difterence between the decrease of stage level durlng warm and
cold nlghts (see Fig.56 ). On warm, cloudy nights, the level would drop
steadily with time until the meltwater, formed the following morning, began
to enter the stream system. On clear nights, radiation cooling dropped the
surface water temperature below freezing, and a layer of Ice formed on the
surface of the pocls and the slower moving sections of the streams. The
reference pool water level would then remain elevated untl| break-up of the
surface ice the following morning. Coincident with the ice break-up, the
pool level wouid then drop very rapidly (Fig.56b). There was no evidence of
frazil Ice formation at any time during the observatlions.

Channel Uowncutting

Research shows the mean drop in pool level which was caused primarily by
downcutting of the outlet streams. Spot checks indicated that the lowering
of the surface of the test stream or the maln stream bore a one-to-one
correspondence with the drop in level at the measuring stake. Thus, this
shows a mean downcutting of about 1.5 inches/day (3.8 cm/day) for those
streams which did not change their mear, depth appreciably during the obser-
vation period. A change in the rate of downcutting which was observed

on |5 July is a phenomenon still unexplained. However, this may be related
to the loss of snow cover un this region of the glacier which is noted
usually to occur about mid-July.

“¥Discussed In detall 1n Part 1t1, Section B and C,
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The question now atises as to the mechanism responsible for this amount of
stream bed ablation. Some relevant, approximate calculations have been
presented in other publications (Pinchak, 1972). These estimates show that
if the slope of the stream bed along the channel is sufficiently large, as
near the Ilp of a moulin, then viscous dissipation may provide for a sig-
nificant portion of the {atent heat of fusion required to melt the lce on the
stream bottom,

Field observations have consistently shown that the size of the parallel
grooves in the canyon wal! Increase as the water flow accelerates as it

falis over the lip ¢f the moulin. This change in groove size indicates an
enhanced rate of downcutting which is supported by an increase in viscous
dissipation and an increased heat transfer which result from acceleration of
the turbulent stream as it flows over the moulin lip. Over most of the stream
course, viscous dissipation is not a significant factor.

Another approximate calculation (Pinchak, 1272) indicates that the w~ater would
have to be warmed a mere 0.005°C in the measuring poo! to account for the
observed rate of stream downcutting. This very slight degree of super-heat
indicates why the water temperature of the pool was measured as 32°F (0°C)

on the mercury-in-glass thermometers.

Grooves in the Canyon Walls

In addition to cowncutting their channels, the gladl! streams also scoured

an interesting profile on the canyon walls. O0Of these so-called grooves or

tlutes, a detailed measurement from the canyon wall of the combined stream

is shown in Figure 59. The opposite wall of the canyon was essent. 'y a

mirror irege of this walil. Because the canyon was about 2 meters deep and
covered by a snow bridge, the caroyn walls were not appreciably ablated

after the grooves were formed, At the average rate of downcutting ‘3.4 cm/

day), we see that Figure 59 represents almost a four-week record .f downcutting.

By working upwarc ‘rom the stream level, it is possible to determine the former
pool depth when a particular groove or cusp was formed. For example, the pro-
nounced cusp, centered about a height of 10 cm, indicates that the san water
level in the pool corresponded to the day of 15 July. Inspection o. figure 56a
shows a definite increase in the runoff on that clear, hot day. In an
anajlogous fashion, the lowest groove in Figure 59 correlated with t.3 increased
runoff of 17 July. In addition, the correlation of increased runoff with

flute formation was observed directly by repeated inspection of the stream
channel on days of large runoff and the following days. In all in 2ances, a
new flute formed whenever the stream flow was appreciably increased tor

several hours and then returned to near the original flow-rate, T < process
of groove formation has been observed many times during all seven :.31d seasons
and has been corroborated by several visiting scientists who observed the
process wlthout previous bias. The question then arises as to the mechanlsm
responsible for the formation of a flute.

1f a constant stream flow condition were provided, a steady downcutting of

the channel would result, but with smooth, vertical canyon walis. This

canyon wall profile will be termed the "equil.brium cross proflile". It is
assumed that the water temperature is slightiy above the ice temprature and has
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also reached a steady value. Such a condition occurs when the water temperature
does not change along the stream course and the net heat transfer to the stream
surface must be utilized solely to produce phase changes at the alr-water

and water-ice In*erfaces. In this concept, a certain unique stream width and
cross-section will be determined for each combination of total fiow rate and

bed slope., (Effects of ice density and embedded foreign material will, of course,
atfect the equilibrium profile.) A brlef discussion of the "equilibrium cross
protile’ is presented Celow,

It the stream flow were suddenly Increased, then the stream cross-section would
begin to change so as to provide a farger width., As this sidecutting occurs,
downcutting also helips lower the water level. The result would be a profile
as shown in Figure 60a.Conversely, with a decrease in total channel filow, a
narrower equilibrium profile will resuit (Fig.60b). By combining a flow In-
crease followed by a fiow decrease to the original flow rate, a flute is
formed, as shown In Figure 60, Thus, the diurna! variations in flow rate are
directly responsible for the formation of these flutes. With larger peak
flows, deeper grooves are produced because of the more severe Sidecutting.

If a very large increase in a stream flow shouid result on any given day, the
elevated water level modifies the shapes of previously formed grooves and may
even obllterate those grooves which are inundated.

Inspection of the ice forming the canyon walls indicated the presence of
foliatlon and structural patterns which were similar to those observed in
other streams and crevasses in the local! area. Because of these structural
simiiarities which exist in the ice throughout the drairage basin, i+ is un-
iikely that the lce structure is a crucial factor in the determination of
the shape of the canyon walls,

For the turbulent streams observed here the cross-section does not appear to
be the optimum cemi-circular channel which has the largest hydraulic radius
of any open channel crcss-section, Instead the width is reiatively widened.
It Is Interesting 12 note that the stream bed cross-profiles of these supra-
glacial streams are very similar to the profiles obtained in laboratory tests
with streams eroding through non-cohesive sands (Leopoid, et al., 1964),

Time Lag Between Moraine and Ogive Stream Flows

In contrast to the 1968 observations (Pinchak, 1972) which were concerned with
the cross-correlation between diurnal air temperature and stream leve! varia-
tions, in subsequent seasons the research has concentrated on the relative

time lag btween two observed streams. Figure 6| shows the surface level ,
variations of the two streams with an abnormally high run-off on 24 August -
in both streams. A comparison of these two peaks shows a lag of approximately -
S and 1/2 hours between the moralne and oglve streams.

In the cross-correlation calculation between the two stream levels (compietely
analogous to the air temperature-stream flow calculation), the data from the
unusual day of 24 August were not included. A plot of this truncated cross-
correiation which Is In reasonable agreement is shown in Figure 58. Here a
time lag of S hours Is obtained which Is in reasonable agreement with the
single 5 and 1/2 hour estimate given above. It should be noted in Figure 58
that the maxima and minima of the cross~-correlation repeat at average time
Intervals of 22.7 and 22.3 hours respectively. This result is In accord with
the inherent diurnal variation expected in stream fluctuations.
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It is reasonable to expoct that the ogive stream flow should lag behind the
moraine stream. This lag is produced primarily by the integrating or
"smoothing" effect of impounded pook present in the ogive stream system. Sych

ponds are noted in the low points between wave buiges seen In Figure 53.

Conclusions

Supragliacial streams erode their channels hy ablating the ice of thelr stream
beds. Over most of the stream length only a small portion of the energy re-
quired to melt the ice is produced by viscous dissipation in the flooding stream;
with the major fraction supptied by radiation and atmospheric convection. The
degree of superheating (above 0°C) of the stream water Is extremely small even
on very hot, bright deys, However, very small amounts of water superheat can
account for the large amounts of stream bed ablation noted here. Heat transter
to the water is greatly Incruased as a stream passes over a moraine as evidenced
by fthe enhanced rate of downcutting in and downstream of the moraine (Fig. 55a).

Diurnal fluctuations in stream flow rate and stream temperature cause a modi-
tication of canyon shape and thus produce a longitudinal groove pattern on

the canyon walls. A new flute or groove Is formed durirg the peak flow periods
of hot, sunny days which have a relatively targe runoff,

Variation in pocl water ievels was markedly di fferent on clear nights as com-
pared to cloudy nights. On overcast nights a steady decrease in poui level
was noted, On clear nights the pool maintained a relatively high level until
It rapidly dropped as the surface ice formation on the streams and pools

wgs disrupted by the effects of the daytime warming.

A time delay between diurnal air temperature variation and stream flow rates
was tcund in all streams. This time lag varied with the size of the drainage
basin and the presence and size of upstream lakes or pools. Thus the flow
rates of any two supraglacial streams will, In general, show a time lag of
one stream with respect to the other,

Longitudinal profiles ot supraglacial streams ending in a moulin are, In
general, convex upward, However, when such a stream passes over a moraine
the increased heat transfer to the stream can produce a concave upward pro-
file for a limited region through and just downstream of the moraine.
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K. PERTINENT ILLUSTRATIONS

SELECTED VIEWS OF RESEARCH SITES
INVOLVED IN JIRP GLACI0-HYDROLOGY, GLACIOLOGY
AND PERIGLACIAL INVESTIGATIONS, 1971-74




Moat-impouinded  supraglacial ke in loy Basin,
Camp 10 sector, Juneau leetield. (F.G ER. Photo,
carly July. 1972

Debris-entramed basal ice at terminus of Mendenhall
Glacier showing fohation structures and pitted zones
from which entrained boulders ablated (carly July,
1973)

Developing palsa (frost mound) in esker complex at
3000 teet elevation in middle valley of Fourth of July
Creek. Atlin region (Sept. 1973) Note toe of esker in
immediate background.

Upper Vaughan Lewis Glacier Icefall, with sections of
Gilkey Glacier tabove) and Whatchamacallit Glacier
(below) (F.G.E.R. Photo. Sept. 24, 1972)

On traverse of Llewellyn Glacier between Camps 26
and 27,

Erratic boulder on late-Glacial moraine at 5000 feet
near Camp 29 and Cathedral Glacier, Atlin region.
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Relict stone circles on surface just outside of
Neoglacial moraine sequence near Camp 17A. Center
arcas of circles thickly vegetated with heath matte.
July, 1973)

Small tor at 3500 feet elevation on Ptanmigar. Ridge
in Camp 17 sector July 1973)

Ridge-top  flat
abovw  Camp
17A. with relict
stone circles a-
long crest.
(photo  carly
July 1973)

Tank topography at 3300 feet cievation on Ptarmigan
Ridge (July 1973)

¢

Lake Linda, a moat-dammed water-body on upper
Recent lateral moraine (1920’s) on ecast wall of Lemon Glacier in mid-July, 1973. During spring and
Ptarmigan Glacier Valley, as viewed in early July, summer this self-dumping lake is a source of
1973. anorialous hydrological fluctuations in Lemon Creek.
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Zone of flow foliation and tension crevasses below the nevedine on lower Lemon Glacier where some
of the rewearch on sesmic anisotropism was conducted in 1973, (F.G.E.R. photo)

! Tectonic (flow) foliation on Llewellyn Glacier Waves bulges on ice apron at base of Vaughan
with drag folding induced by cross-cutting Lewis lcefail, near Camp 18. (Sept. 24, 1972,

fault (at top of photo). F.G.E.R. photo)

Lineated marble and lime silica granulate Inactive moulin on lower Liewellyn Glacier
within migmatite zone of bedrock on Taku B near 3800 level in late August, 1973.

headwall near Camp 10.
PR S . .d
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Mendenhall Glacier termunus, Juncau foetield. Ablisha on buly @ 09 7 3ophote By MDA Millen

ul

Advanang Tahu Glacwer termnus on July 7. 1973 (photo by MM Mylien
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Receding Liewellvn Glacier terminus with pro-ghicial flake and segment of outwash zone (valley trainy August 21,
1973 (photo by MM Milien)
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PART 1V GLACIOLOGY

A. MASS BALANCE STUDIES

Cetailed mass balance reasurements have been conductec on the following glasiers
covering the period 1971-75. Their current reqgime status is noted as well.

Sem|-permanent
nédvé-line(ft.)

Mass Balance

“ende~hall Slacier® 3400
“tarmigan Clacier 3700
Lamon Glacler 3600
Taku slacier® 2900
nle-in~-Aalil Glacier 2900
worris slacier 3000
vaughan Lewis Hlacier 4200
Lieweliyn Glacier 4900
Zathedral Glacier * 5700

sligntly negative, trending toward
equilibrium

equilibrium

slightly negative

strongly positive

strongly positive

negative

equilibrium

negative

silightly negative

fest pit data tor determination of yearly net accumula*ion segments have been
ovtaired on the Prarmigan, Lemon, Taku, Llewellyn and Cathedral Glaciers over
the same period. Névé-line information has also been obtained with the mean

over this npericd as noted in the table above.

The trend cf the névé-line over

the last 39 years on the Taku Glacier has been prasented in Table IX.

In the firn stratigraphy, free water content measurements have also been made.
As the mass balance records are so comprehensive, involving hundreds of cre-
vasse-wall and test pit profiles over the past decade, only six typical

orofiles for 1972 and 1273 are giver in Figures 50,62; Appendix G.

analyses are lett f»r other publiication,

3. GLACILTHE-S'AL RESEARCH

During the perioc¢ 1971-74 thermistor cables were installed on the high

crastal plateau of the Juneau lcefield (i.e., at 6000 to 7000 feet elevation
resr '1t. Hesselrode) as well as at the 6500-foot levei on the Cathedral Glacier.
Comparative measurements have been made to determine changes in englacial
temperaturc over the past 20 years (see Miller, 1954 3nd Andress 1962). This
research is continuing. Details will be published after two more years of
comparative readings. |t is clear from our studies, however, that both of
these glacial areas are thermophysicaliy sub-Polar to sub-Temperate (Miller,

1963, 1975c).
-, STATISTICAL STUDY OF ICE AVALANCHES

As reported in Pinchak and Lokey (1972) and Pinchak (1968), seasonal meteo-
rological factors affecting avalanche frequency on icefalls of the Juneau lce-

field have been under study. Serac avalanches were observed for varying lengths

of time at the Vaughan Lewic lcefall. irequent intermittent messurements of
meteorological parameters, along with 24-hour a dzy observations by watch
personnel!, were subjected to rigorous statistical interpretation. The results
yield a number of Interesting conclusions with regard to the phenzmenon of

ice avalanches from the zerac zones of hanging glaciers, including changes In

¥ See photographic illustrations on preceding pages

C omparison- and
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their frequency and the effects of memory time in the parent ice mass. Differ-
ences in avalanche activitv were noted with respect to clear and overcast skies
and between simllar sky conditions during day and night hours. The relative
frequency distribution of avalanche magnitude demonstrates a smooth inverse
relationship.

Calculated waiting times tetween successive avalanches were found to be ex-
oonentially distributed throughout each field season (196€-74)., In addition,
the same Icefali memory time has heen consistentiy observed In each summer.
The nor-Po!sson distribution of avalanche frequency suggests a change in

+he Polsson frequency undzr the influence of changing weather, time of day
and so forth. A particularly strong correlation is found with conditions of
overcast sky and precipitation, The general tendency to Increasec avalanche
activity during intervals of changing weather patterns as contrasted with
the frequency of ice falls during periods of stable weather can be ~ matter
of concern and safety to glacier travalers. Scientifically It is ¢ nteres,
because ice avalanches constitute an important element in the abiail and
transportation of steep and highly crevassed glaclers,

D. AUTOMATED MONITORING OF AVA! A JCHE INTENSITIES*

As a corrollary tc the avalanche frequency studies, In 1971 and 1972 more pre-
clse avalanche monlitoring on the Vaughan Lewis lcefall (p. 9ia) was carried out
using automatic equipment. For this purpose, a light-weight electrically
operated electronic device was developed for use In conjunction with a tape
recorder to monitor background glacier noise. This included both lce flow

noise and the flow of supraglacial water (Neave and Savage, 1970},

The field unit was a hydrophone of the type commonly used in sano-buoys with

a3 sensing element having a sensitivity of -87 db referenced to a | volt/microbar.

This hydrophone wis lowered into water-filled crevasses or supra-glacial pools
with care taken to avoid hydrophone-ice contact. Hydrophone depth was set in
the range from 2-10 feet (0.6-3 meters). The associated electronic amplifier
and tape recorucr were located on an insulated pad on the edge of the crevasse
or pool., The hydrophone signals were monitored on the tapa recorder Input at
the beginning and end of each tape. Due to the sensitivity of the system

It was necessary for the operator to remain very still during the recording
period or to move to a posltion distant from the hydrophone. Serac avalanches
were also observed visually and acoustically by the operator and recorded iIn

a fleld notebook to facillitate review of the tape recording. Tapes were
replayed in the fleld and later monitored visually on a cathode-ray-oscl|lioscope
and a |ight-beam osci|liograph at Case Western Reserve University.

An Integral, potted preamplifier was connected close to the sensing element
(7" or 18 cm) and had a gain of 75 db. Frequency respcense of the hydrophone
and preamp increased from 5 Ha at 6 db/octave up to 15 KHz (personal
communication, F. Hess, Woods Hole Oceanographic Instituticn). From this
ampiifier the signal was fed fo a portable cassette tape recorder (Ampex Ce.,
Mode!l "Micro 70"). Overall response of the tape recorder varied from -db

at 50Hz, +7 db at 125 Hz to -6 db at 7500 Hz. The entire system was powered
by three 6 volt and one 9 volt batteries. Backpacking was facilitated as

the compiete system weighed less than 20 Ibs. (9.} !.ilograms) with batteriec
included. Total cost was less than $250. A qualltative idea of the systents
sensitivity is its abllity to detect a man walking on the glacler at a dis-
taice of approximately 200 feet (60 meters).

* A paper on this research has teen published In the Journal of Glaciology
(Pinchak, 1972b).
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Results and Dlscuggion

when the hydrophone was located in the lower regions of the icefall, the signal
! intensitles were markedly reduced as compared to signals recelved from crevasse
: pools in the ogive reglon. This difference was attributed to the poor trans-

mission ot waves through broken surface ice In rhe lower icefall as compared

+o the improved wave conduction through the compacted, solid ice which extencs

to tre surface in the wave ogive region (L, R, Miller, 1970).

in the oscillator signals, by comparison with the background noise, avalanches
were readily detected with a signal-to-noise raiic of approximately 20 ds.
[ In add. tion to the continuous background noise due to nearby supra-glac:al
[ strears, there were inter .ittent periods with reptitiva puisatile signeis.
Because of the high frequency content of these signal-, It was concluded that
they w-re due 1o a loca! disturbance n the .egion of the ogives. This type
of signal was noted at several locations in the water-filled crevasses of
the icefall-ogive renion but was not heard in a glacial lake on anot'ar glacier
on the Juneau lcefieid. The source of this peculiar signal remains unknown
but will be the object of ruture investigation. The signal may relate to
microseismic activity as noted in Part VI,

In conciusion, this inexpensive, light-weight hydrophone-ampl | fier~-tape recorder

system 1Is capable of detecting serac avalanches in an icefall. The system is

also capable of recording noise related to glacier flow and deformation as well

as hydrologic phencmrena ir the supra-glacial melt water, It will have considerable

' value in future research on icetfall avalanches in glacier regions (Pinctak, 1972b),
Aoplications of this technique include its use in areas where personngl move-

; ments may be hindered by avalanches.

MASS AND LIQUID REGIMEN OF THE CATHEDRAL GLACIER *

This section concerns an integrated study of the different phases of annual

L snow regimen i: e Cathedral Glacier, from accumulation through ablation and
run-gif, Comparison, agre drawn with snow depthe at Camp 3C in Atlin and at
Log Cabin, 8.C., the nearest available locations where continuing records have
been magde. Ablation measurements on the Cathedral Glacier surface are also

1 discussed, as are the elevations of the seasonal névé-lines since 1971. The
nature of the ylacier firn-pack 1s described, including a presentation of test-
pit data, free water coatent (FWC) ard diurna! patterns of drainage over the
three-year period between 197! and 1974, Finally, the results of this ablation
and conseguent drainage are considered, in terms of the 1otal hydrologic
run-off being confined to Cathedral Creek and to a far “3sser degree to evaporation
and infiltration of groundwater in azonal solis, moraines and vegetation matter
near the ice.

Regional Snow~-Pack Records

Ir Figure 63 snow depths are shown (in inches of w.e.), on Aprii Ist at snow
courses at Atlin (since 1964) anc at Log Cabin (since 1960). These are

monitored by the water Investigations Branch of the frovincial Government of

B.C. (Hydrology Division, 1971, plus periodic reports). Log Cabin is located

at 2880 feet (880 m) elevation on the high plateau between White Pass and
Carcross on the Yukon and White Pass Ral lway, at the north end of the Boundary
Range (Fig. 3) Not only Is Log Cabin at almost 500 feet (150 m) higher elevation

[P Sy

* Prepared with the cooperation of V.K. Jones, Dept. of Geology, Mich. St. Univ.
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; but It Is In the path of maritime alr masses which pass north-northeastward up
Lynn Canal, over Skagway and on up the valley through White Pass.

Ablation Records and Névé-|ines

Cumulative rates of ablation of the winter snow-pack on the Cathedral Glacler are
glven in Jones (1975,Fp.2%he data are based on stake arrays, with measurements
taken each evening. The measurement stakes melted out at 104 cm of total abla-
tion on August |, 1973, In 1974, the final stake In the lower group melted out
at 129 cm of ablation by August |15, As expected, the rate of ablation was
slower at the higher stake in 1974, The last 40 cm of firn at the lower sites
melted at an accelerating rate, perhaps due to heavy Infiltration of melt-water
from above. The glacier surface at this polnt slopes steeply to the north, so
that large quantities of melt-water from above saturated the firn-pack and later
broke at as straight supra-glacial streams. Within a few weaks these streams
had developed sine-generated forms indicating the rapidity at which the self-

reguiging glacio-fluvial processes strive for equilibrium on this smooth
glacler surtace.

These ablation records typlfy the negatlve mass balance statistics obtained
on the giacier in each of the referenced years. Tinis Is further corroborated
by the following record of relative average levels of the seasonal (late-
summer position) and semi-permanent (mean !owest level over preceding 5 years)
ndvd-iines, based on Camp 29's elevation of 5300 feet (164U m).

Cathedral Giacier

Seasonal NAvé-|ine Semi-permanent Névé-|ine
197} 5750 £+ (1730 m) 575, ft (1730 m)
1972 5800 f+ (1760 m) 5700 ft+ (1735 m)
1973 5600 ft (1700 m) 5600 ft (1705 m)
1974 5700 ft (1735 m) 5700 f+ (1735 m) .
1975 5500 1t (1665 m) 5500 ft+ (1665 m) s |

The Local Firn-Pack

5 Englacial temperature measurements to a depth of 18 meters in 1972 indizated

! that this glacler is thermophysically sub-Polar in its upper head-wal! portion

{ (i.e. abpove 6000 feet, 1820 m)., Below 5700 f-et (1730 m) elevaticn, however, ]
it is essentially Temperate (0°C). Thus surface melt-water freely percolates

| into the firn and flows off the glacier below the equilibrium line (because

of the Temperate thermal character of the lower glacier, essentlally the ndvéa-

line in this case).

Test-pit measurements at the same locatinn as the FWC measurements (5850 ft+., 1455

m) showad that the firn changed quite suddeniy to bbby ice at a depth of 130

centimaters. As the test-pit elevation was close to the mean eevation of the
1972 névé-line, the firn-pack depth is representative, This not only gives ths

annual net gain of the {firn-pack ( as Sept. 7 was close to the end of the abla-

tion 8 .ason) but suggests that In this glacier the firn changes to glacloer Ice

et 5 r3iatlively shallow depth, It further implies that this transformation

may take place through re-freezing of me!t-water into new ice (superimposed

ica) above the previous giacier ice. It Is significant that this glacier does
nct have a great deal of melt-water cozing out from its basal lce at the glacier
tow (note Section [, H). These observations seem to corroborate the

e
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sub-Polar thermophysical character of the headwall section of the glacier. It
should be noted, however, that some surface dralra%? stil| takes place from this
; zone via selected channels along the glacier suriace.

Liquid Water Content and Drainage

i Free water content measurements (FWC) were made in 1972 using the calorimetric
: method In the Cathedral Glacler's surface firn pack (Appendix F). The FWC
was measured at the following depths below the snow and firn surface.

Cathedral Glacler Firn-Pack at 5850 Teet (1455 m)
on September /, 19/2

o 0 cm Max, |13%
§ 20 cm 5%
’ 50 cm 5%
100 cm Fluctuational

b As shown in Figure 48,*he FWC increased with solar radiation shortly before

- noon and reached the maximum peak noted above whether the firn was In shade
or not. Also revealed Is a strong relationship between FWC and ambient air
temperature at the 5850-foot (1770 m) level. FWC decreased within one hour
after solar insolation ceased. A decrease In the surface level of the pro-
glacial lake occurred within 2 to 3 hours after reduction of liquid held

| in the firn-pack, showing good correlation between the changes in FWC and
rise and fall of the lake. Thus changes in storage of liquid water and run-

i off in the Cathecral Glaclier are shown to be dominant!y controlled by varia-

tions in diurnal weather. The same may be expected with respect to longer-
' term <-limatlic trends,

: Hydrologic Fun-of#t

Two types of hyirziciical measurements have been taken on the Cathedral
Glacler over each summer, one since 1972 and the other since 1973,vne, a water- {
level recording gage with a stilling chamber, was In operation during the {973,
1974 and 1975 field seasons adjacent to a bedrock block on the northwest
margin of the pro-glacial lake. While data from this gage cannot be analyzed
In de*all In this report, certaln patterns emerge.

Firstly, substantial run-off does not begin on the Cathedral Glacier until

early June, at which time the terminal lake is usually still frozen, Ice does
not go off this lake untl| about June 20th as its elevation is relatively high,
i.e. 5250 feet (1585 m). In fact, even at the relatively low elevation of

Atlin Lake (elev, 2200 ft., 670 m) ice often remains in the coves and Inlets
until the first week In June.

At the terminus of Cathedral Glacier, a pro-glacial lake drains to the north, i
During high water, a vigorous outlet stream rushes through the rocky channel. 1
when the lake is low, little surface flow occurs, but there Is some sub-surface
drainage through the moraine., Giacial ice from the upper cirque ferminates

at the up-valley edge of the lake (Figs. 8b and 9). i

Higher run-off rates relate to the incidence of rainfall, increased solar
insolation, and high ambient temperatures. On a2 good melting day with a
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high p: tion of sunshine, the water ievael has been observed to increase
f sharply; vy noon (see Fig. 48). |+ peaks In mid-afternoon, and decreases in
§ later afternoon even before the sun drops behind Splinter Peak. Such an early
decrease in dally melting provides an interesting questicn. Does the drop in
F lake level during the night depend solely on temperature? |f glacial surface
3 temperatures drop below freezing, melting ceases, meltwater drains out of the
firn-pack, and the lake level falls by early morning. On warmer nights,
ablation and run-off continue and the lake level shows a less pronounced
decrease during the night,

The other hydrological Instrument employed in this study was a Stevens "A" stream
level recorder installed with its float in a stilling chamber in the Cathedral
Creek, some 300 years below the main Neoglacial terminal moraine (Fig.8b). Here again
good correlation is found between ambient zir temperature, solar radiation,

i ablation and run-off (Fig. 48), put during each of the past two summers this _
| stream gage appears to have experienced peaks earlier In the day than the lake- ;
shore recorder.

As the stream-gaging station is located about a mile down-stream from the |ake-
level recorder, this difference in time lag does not appear at flirst glance to
be logical. The lake receives water from much of the upper cirque, and the
i stream flowing from this lake confributes a small but significant fraction of
the total Cathedral Creek flow. A large proportion of the creek flow issues from
an outlet at the glacler terminus, draining all the lower clirque and some
melt from the upper clrque, A third but rather small component this late
! in the season comes from a few remaining lower-valley snow-patches and from
. slowly melting ice-cores still remaining in some of the moraines.

It is suggested that ablation near and above the seasonal névé-line in early
September results in saturation of the firn-pack, producing a reservoir effect
1 within the firn-pa k. In the lower cirque, however, melt-water runs off the
surfaces of the exposed glacier ice and drains away in well-established stream
channels, takirg short cuts through moulins and crevasses to basal stream-.
Thus it could drain out more quickly and reach the stream recorder down-v.:
sooner than water from the slushy firn-pack above the marginal iake.

The Cathedral Creek is an ideal closed system for hydroiogic run-off and

Iiquid balarce studies. The entire run-off from the Cathedral Glacier system
is restricted to the Cathedral Creek outflow. Therefore, any significant
changes In ablation and precipitation are directly reflected in the rats of dis-
charge into this creek. The seasonal discharge cuilminates in a final cessation
of fluw when the autumn freeze-up takes place. Cver the period i971-75,

the freeze-up occurred in mid September,

Concliusions

Conclusions drawn from these observations are that in the present decade the
effective ablation season on the Cathedral Glacier is of less than three months
duration but usually greaterr than two and one-half months. In spite of the long
winter season, the net mass baiance of the Cathedral Glacier In 197] through
1975 has been silghtly negative. From the reglonal weather records thls
situation has apparentiy pertained since the 1920's. Thus it is imperative

that future glacier mass balance and hydrometric records be acquired annually
and without Interruption Ir the years ahead In order to document future effects
of the current coo!ing trend, which Is expected to bottom out by the turn of
the century.
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Snow course accumulation data are as yet too short term to be conclusive, but
the situation in 1974 suggests that patterns of snow depth on the Cathedral
Glacier may be more closely related to Log Cabin than to the Atllin Lake snow
course (Fig. 63).

Snow and fir.i-pack depths, ablation rates, late-season névé-lines, and the
transient snow-line were all quite different in !974 thar In 1973 and 1972Z.
In 1974 bedrock features and moraines were exposed to a much greater extent
than in the previous two years, with much more pronounced down-wasti.g of ice
In the terminal area,

tydrologic studies are continuing on the Cathedral Glacier system. As this
is a closed hydrologic basin, Improved techniques and equipment wil pay
dividends in the mass balance studies and other aspects of the liquld and
heat balance research,

It Is obvious that interpretive problems arise from having too short a period
ot record a+ the Cathaedral research station. Longer time-intervals are re-
quired to eliminate the effects of short-period variations and to reveal actual
trends. But a start has been made in what Is projected to be an Im, ,rtant
long-term program of glacial climatic and hydrologic research. As with

Camp 17 on the Lemon Glacier, this station is a key in the synoptic studies

of long-term regional glaciological and meteorological research. Hydro-

logically this area lies at the ultimate headwaters ?f the Yukon River
Theretore, these studies can play an important role in the hydrotc: - ~I

balance and water management concerns in thiS region.
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PART V PHOTOGRAMMETRY AND SURVEYING

MAPP ING PROJECTS

During the period of this contract, maps were made of four key glaclers and
one rock glacier , each of which are under comprehensive Iinvestigations.These are:

Lemon-Ptarmigan Glacler System: A composite large-scale (1:17,500)
map was compllied ot thls system by computing Information from several
exlisting maps (USGS, B-| Juneau Sheet, 1948; The Amer. Geog. Soc. Sp. Map,
1964). This map has been produced as Figure 9 in Miiler, | 72b and has
served as a basic reference for glaciological and hydrological research In
the Camp 17 area.

Taku Glacler: A map of the Taku Glaclier terminus, based on our photo-
theodolite surveys and at a scale of 1:15,000 was completed and published
in Miller, 1974,p.206.Cartography was accomplished by Dr. L Knssovicky of
the Dept. of Surveying Engineering, University of New Brunswick. *

Cathedral Glacier: Similarly, a P-30 phototheodolite map was made in i972
by Or. G. Konecny of the Cathedral Glacier near Camp 29. Further ground work
was completed by Karsten Jacobsen, so that this map is now being rendered
for pubiication at a scale of 1:10,000, I+ will be extremely valuable for
the detalled research activities continuing on this inland glacier system (Fig, 9),

Vaughan Lewls Glacler System: A large-scale (1:5,000) plane table map
was completed by Dr. C. Waag on the Vaughan Lewis Glacler and adjacent parts
of the Gilkey and Watchamacallit Glaclers in the Camp 18/19 area. This
map shows ferrain differences 1in comparison with a similar map produced in
1966 (Kittredge, 1967)., The latest map Is reproduced in this report as
Figure 67.

Atlin Mountain Rock Glacier: A phototheodolite survey of the Atlin Mountain
rock glacier was begun in I972, with further movement stake surveys compieted
In 1973 and 1974,

Annual movement stake surveys have alsoc bean completed in each summer on the
Ptarmigan, Lemon, Taku, Vaughan Lewis, Llewellyn and Cathedral Glaciers. On
the Taku Glacler, eight separate transects were re~- urveyed for comparison
wlith previous years (i.e,, sii.ce such records began in 1949, Some of this
work was accomplished in connection with gravity surveys on each of the
gtaclers noted (v. Section V!i).

Each summer ground and aerial photographic documentation has also been obtained
on the positions of termini of these and other key glaciers on the Juneau lIcefield
(e.g., Fig. 78 and photo supplement, pp. 90, 91).

* Note: A July 7, 1973 view of the Taku Glacier is seen in the photo
supplement In Appendix H,
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PART Vi GEOPHYSICAL STUDIES

A, GEOPHYSICAL SURVEYS OF SUB-GLACIAL TERRAIN CONFIGURATIONS *

During the 1971 to 1973 field seasons, gravlty-depth surveys were carried out on
the Lemon, Prarmigan, Taku, Gilkey, Lieweilyn and Cathedral Glaclers to determine
the bedrock configuration beneath the ice, as well as glacler depths. In this
report only the Lemon and Ptarmigan Glacier survays are reported. The Cathedral
Glacier study Is being prepared for a subsequent report and the other surveys

are part of a continuous geophysical project not yet completed,

Bedrock Geology of the Lemon-Ptarmigan Glacier System

The general geology of the area surrounding and underlying the Lemon and Ptarml-
gan Glaclers Is best described as a transition zonc between a sequence of pro-
gressively metamorphosed rocks (northwesterly trending and sub-Isoclinally folded
and overturned to the southwest) and the granodiorlte to quartz-monzonite core
area of the Alaska-Canada Coast Range Batholith,

Forbes (1959) has described the geoiogy surrounding these two glaclers (Fig.23)

as consisting primarily of aliernating lime-silicate rocks and green schists, with
some massive amphibolites and marbles on the western and headwall portions of

the Ptarmigan Glacier, The remainder of the glaciers are underlain and bordered

by migmatitic gneisses (quartz diorite and granodiorite plutons (Ford and Brew}973).

For the purposes of the gravity survey, It Is possible to group all of these
lithologies together as country rock, with a mean density of approximately

2.86 gm/cc. This Is due to the considerable overiap between density ranges of
the main outcropping rock types.

Previous Geophysical Work

Previous geophysical work on the Lemon and Ptarmigan Glaciers has been quite
limited, consistins of a single reflection seismic |ine and four gravity pro-
tiles all made on the Lemon Glacier., The four gravity proflles (Fig. 65)

on the Lemon Glacler were conducted by the American Geographical Society in

connection with JIRP as part of an IGY project (Thiel, LaChapelle and Behrendt, 1957).

In the 1968 summer, Shaw (Prather et al, 1968) supplemented these surveys with
a reflection seismic line (Fig. 65, line SA).

Field Procedures

The instrument used for the gravity measurements carried out in 1971 was a
LaCoste-Romberg gravity meter. A gravity base station was established at
the Camp |7 research station on the southern part of the ridge between

the Lemon and Ptarmigan Glaciers. This base was tied to the U.S5S. Geolodcal
Survey's Alaskan gravity base network via helicopter loops to U.5.G.S. bases
at the Juneau Airport and the Douglas heliport.

* Prepared by Richard M. Shaw, Exploration Dept., Exxon Company, and
William J. Hinze, Dept. of Geosciences, Purdue University
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The stations for the survey were lald out in the form of profiles, seven on the
Ptarmigan Glacier and twc on the Lemon Glacler (Fig. 55). Station spacing along
the profiles was normally 500 feet with some Intermediate 250-foot stations.
Horlzontal and vertical control for the stations was obtalned via Wild T-2E
survey's from exlsting JIRP survey bases.

Reduction of Observations

Standard gravity data reduction techniques as outlined in geophyslcs texts
{Dobrin, 1952; Parasnis, 1966) were used to reduce the observed data from the
survey. All stations were corrected for time variations (drift), latitude

and mass (density of 2.76 gm/cc.). The resulting simple Bouguer gravity anomaly
data were than subjected to terrain corrections (Hammer, 1939) using a density
of 2.76 gm/cc to remove the effacts of the nearbv large peaks and valleys.

The resulting data were then plotted in protile ‘orm for analysls.

Analysls of Results

The terrain-corrected Bouguer anomaly profliles were first analyzed by fitting
simple two-dimensiona! gravity models to them (Talwanl, 1959). The assumption
of two-dimensionality for the profiles is, of course, only grossiy valid be-
cause the causative bodies (the glaclers) are not infinitely long at right
angles to the profiles. However, as a first approximation the two-dimensional
technique works very well.

The gross configurations arrived at by the simple modeling were modlfied using
end corrections (Nettleten, 1940) to account for the gross non two-dimensionality
of the models. The resuiting cross-sections are presented in Shaw et al, 1975.

The thickness information from the models has been combined with the previous
gravity and seismi studies to prepare a revised isopach map of the Lemon
Giacier and to const*ruct an isopach map for the upper Ptarmigan Clacier from
which the bedrock configuration can be determined (Fig. 66).

Conclusions

Analysis of these gravity surveys and sub-ice bedrock configurations of the
Lamon and Ptarmigan Glaciers suggests that the névé surfaces do not closely
reflect the true nature of the rock topography and revea! that a glacler in
a separate cirque at the head of Lemon Glacier has merged with the main glacier.
Similarly, three thick ice ar~as in the upper Ptarmigan Glacler indicate a

complex merging of glaciers ..a muitiple cirques to form the present Ptarmigan
Glacier. Such information is critical in hvdrological assessments, as in Part Illia.

Additional work planned for the iower Ptarmigan Glacier and the upper 'emon
Glacler when combined with this geophysical research will further clarify and
amplify the resultfs of these Investigations.
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B. SEISMIC ANISOTROPY BELOW THE ICEFALL OF THE VAUGHAN LEW!S GLACIER*

To test the degree and type of velocity anlisotropy displayed by a Temperate gia-
cler with well developed follation, a seismic experiment was conducted on the
Vaughan Lewis Glacier on the Juneau lcefleld in sssoclation with other on-going
research supported by the Army Research Otflice in the Camp 18 area (Fig. 1)

In this field work a Geo-Space interval timer was employed, with four three-
dimensional geophones arrayed on the surface of exposed bubbly glacier ice at
some distance below the ndvé-line. The study zone was on relatively smooth gla-
cier surfaces a short distance down-glacier from the lowest pronounced wave-
buige (wave-ogive) below the Ice spron of the Vaughan Lewis lcetall (Fig. 53y,

In this zone the width of the Vaughan.lLewis Glacier is nearly half as great as

at the base of the icefall., The oglves (or arched bands) in this area are also
more curved, as viewed from above, than further up-glacler, suggesting that the
center of the glacier is flowing more rapidly than the edges at the medial moraines.
The resulting shear stresses may be partially responsible for any observed ve-
locity anisotropy as well as influencing the recrystallization of lce which would
also effect the velocity fleld.

Petrotabric Relationships

Petrofabric analyses on other glaciers by Rigsby (1951, 1960) and Gow (1963,

1964) show one, two, three and four c-ax!s orientations on the Schmidt diagram in
stressed Ice. Steinemann (1958) has shown recrystalllization during deformetion

to occur with the basal planes of ice crystals oriented in the d!rection of princi-
pal shear stress applied In the laboratory. Rigsby (1960) also shows that the
c-axes in hexagonal Ice crystals of a glacler tend to atign from random orlientation
to a direction perpendicular to the shear stress after as |ittla as two months of
applied stress. Fleld studles of bore-hole samples at the 3600-foot (1090m) level
in the Taku Glacier by Bader and Wasserburg have demonstrated that In successively
deeper samples, below 140 feet, there Is a progressive crowding of c-axes

toward the normal to the presumed direction of main down-glacier fiow (Miller,
1957, 1963, p. 132).

It has been shown In other glaciers that such fabric or follation alternate with
zones of bubbly and clear ice (Allen, et al., 1960; Shumsky, 1964; Paterson,
1969), with the planar direction nearly normal to the preferred c-axes orientation
ot Temperate glaclal Ica. Kamb (1959, 1961) has shown that the glide direction
and direction of shear stress shall never be more than a few degrees apart.
Paterson (1969) points out that the ice crystal deforms by gliding on its basal
plane. Therefore if the stress Is long-term and large enough to produce foltiation,
the alignment of c- axes in polycrystalline ice probably approaches directions
normal to the foliatlion plane. This conclusion has also been discussed with re-
spect to rhe Vaughan Lewis Glacier by L.R, Miller (1970). However, no successful
petrofabric measurements have been made in the study area and thus we cannot be
sure of the c-axes orientations. |t is reasonable to expect, however, that the
c-axes have a preferred orientation normal to the foliation and, In addition to
crystal orientation, other factors may influence the observed veioclity anisotropy
such as structural effects and the presence of a stress flel!d.

* Raport byDr,Hugh F. Bennett and Barry W. Prather, Department of Geology,
Michigan State University , research affiliates of the JIRP in 1972.
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fField Proacdure and Experiments

The equipment used In this study included a Geospace GT2A intervai timer with
twaelve traces and 10 millisecond timing lines recorded on Polaroid film, The
time picking was accurate to 1/4 millisecond and repeatsble to 3/4 milliseconds.
The total record length was set at 0.15 seconds for best accuracy. The recording
detectors were Hall-Sears 3-component geophones with a 4.5 Htz resonance frequency
and with 62 per cent damping the system had a flat response from 7 to 125 Htz.

The geophones were oriented with the X component toward the shot (horizontal
longitudinal), the Y component perpendicular (horizontal transverse), and the Z
component vertical. One pound charges of Nitramon Primer were used as the seismic
source placed at | meter depths. A detailed explanation of the fleld procedures
and some preliminary analvyses have been presented in a fuller report by Prather
{(1972).

The seismic caps used gave a measured time standard deviation of ¢ 0.6 mil|i-
seconds. Combining this figure with the repeatabillity of U.75 mlliiseconds glves
an estimated time measurement accuracy of about + 0.96 milliseconds. Since the
time Interval measured was approrimately 50 miliiseconds, the estimated accuracy
of the P-wave measurements was less than 2 per cent. The same estimate Is gfven
for the shear wave measurements. The distance was measur2d to better than 0.!
meters with a steel tape and over a distance of 166 meters gave an error »f

less than 0.07 per cent. Even thougn the accuracy is not as good as we would like,
since the P-wave veiocity variation was only 4 per cent, when the data are fitted
to the QJ-elllpsoid, the results statistically Indicate that the material measured
is anisotropic, Furthermore the veloclties were determined over a 4 geophone

array and averaged so that the actual accepted velocities were probably good to
+ | per cent,

Confirmation that the seismic ray paths travelled along straight, near-surface

trajectories was obtained by a standard refraction profile oriented in the down-
glacier directior. The results of this profile are shown in Figure 68 and show

that the P-wave vclioc!ty (3670 m/sec.) is constant over the 100-meter distance.

Therefore no velocity gradient is detectable and the ray paths sample the near-

surface material as required in our experiment,

The i1ce thickness In the study area is about 200 meters so that no early arrivals
from bedrock refractions are present and would arrive beyond the end of the record,
if at all. For example, assuming an upper limit bedrock P-wave velocity of 6,000
m/sec. and ice P-wave velocity of 3,500 m/sec., the critical distance is about

775 meters. This, coupled with the refraction |ine data, indicates that we are
sampling a single layer In the experiment over distances that are less than 200
meters,

Tne seismic array used in the anisotropy experiment is detailed in Figure 69

and shows that the velocities were measured over a 62° change in azimuth. The
distance from shot polnt to the flirst detector ranged from 146.5 meters to 166.0
meters and the four geophones were on a line polinting down-glacier and spaced at
9.1 meter intervals. We were limited in our azimuth range by a medial moraine on
the north edge of the armay and by fracture patterns on the south. For each
shot point the geophones were reorliented so that the x component always pointed
toward the charge,
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The study area, with respect to the entire glaclal valley system, is shown In
Figure 70a. The orientation of the Q-ellipsoid Is also shown on this figure and
will be discussed later. Note, as previously mentioned, that the follation cur-

| vature is greater in the down-glacier direction and the width of the Vaughan Lewlis

1 Glacier s about halt as great in the study area as compared with the width
at the base of the icefall. This may indicate that the ice Is undergoling com-
pression from the sides since several glaciers are flowing contiguously down this
narrow valley. Although.the ice thickness profile along the axis of the Vaughen
Lewis Glacier is unclear at present, It probably does not change very rapidly In
the down-glacier direction from the base of the Icefall to the study area(Flg., 70b)*,

Analysis of Seismic Data...Fit to Q-elllpsoid

The velocities of the compressional wave (P-wave), the vertically polarized shear
wave (Sv) and the horizontally polarized shear wave (SH) were determined from the
seismic array shots which were recorded on Polaroid film., A typical record (shot
25) is found In Figure /! and shows the X, Y and Z traces for geophones | through
4. The P-wave is obviously the first arrival and is best recorded on the X and

Z components as would be expacted from theoretical conslderations. The P-wave
arrivals ere easiest to plick and the transit time was msasured from the shot
Iinstant to the point where each individual trace deviated from zero displacement
(first motion).

The shear wave veiocitles were more ditficult to determine precisely. In Figure7i,
the Rayleigh wave arrivals are indicated on the Z component traces and are also
seen on the X component. The precursor just ahead of the Rayleigh wave is inter-
preted to be the vertically polarized shear wave (SV)., By comparing the SV and
Rayleigh wave arrivals on all records, except 21, a mean velocity ratio of

VR/Vg, = 0.933 was computed. This compares favorably with Knopoff (1952) for

a Poleson's Ratlo of 0.33, the calcuiated value from V, and V. in our study area.
The calculation for Polsson's Ratio Is based on the asgumpflons that the material
Is linearly elastic and isotropic. The SV wave velocities were thus computed

_ by dividing the Rayieigh wave veloclities by 0.933 for all seven records. This

- method was used because the Rayleigh wave arrivals were more uniform and easler
to plck. Although this method may introduce a slight error to the absolute
veloclity calculation the effect is negligible on relative velocities as reiated
to azimuth in this study.

The horizontally polarized shear wave (SH) arrivais were the most difficult to pick. :
Although 1t Is difficult to prove theoretically that SH energy is excited by an ex-
plosive charge, it has been reported by many workers that SH energy is observed
from nuclear devices on a large scale, Clearly, on these records. ‘here are ]
; large amplitudes on the Y traces corresponding to the appropriate iime for the

‘ Love Wave train arrivai. |t was assumed that these arrivals on the Y traces were
v the beginning of the Love Wave train and thus correspond to the SH arrival.
Records 23, 24 and 25 are extremsiy poor for SH wave arrivals and the picks are
not obvious. Because this study required only relative wave veclocitles, greater
care was taken to plck the same event on each record rathar than maske certain
that the first energy of the SH wave was plcked, Furthermure, the SH wave data
cor.tribute only about |7 per cent to the value of Q so thet sarrors in SH velo~
cities do not seriously hamper the aznalysis. The accepted values for the P-wave,

[VENIRPPN

* Ed.: A reasonsble assumption from an approximate sub-glacial profile with
depths (800 ft.) drived from only a few scismic shots (Kittredge, 1967).
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SV-wave and SH-wave velocities In this study are listed below,

Shot Number Angle From Velocl ty (moforsesocond)
Foliation P-Wave -Wave ave

20 7° 3559 2000 1876
19 18° 3556 1923 1833
21 29° 361! 1943 1869
22 40° 359.. 2037 1868
23 49° 3647 2050 1895
24 58° 3667 1965 1897
25 69° 3697 1948 1949

The elocity data from this listing were then tested with the Q-ellipsold mathod

described by Bennett (1972a)., The Q-surfuce Is a theoreticail surface defined
tor sirgle crystals by the formula:

where
Vp = P-wave velocity
Vgy = SV-wave velocity
Vo = SH-wave veloclty

The Q-ellipsoid is a triaxial representative ellipsoid whose value for any
direction is I/ V0. Calculating the measured values of Q In the 7 directions
for which the velocities were measured gives us

= 2 2 2 =
M= Ve 2 + Vg ZHg 2 =D H

The values were dctermined over a planar surface so we thus determine the best
fit ellipse to the measured values after the method of Nye (1957, pp. 163~168). i
The measured values are shown along with the best fit+ Q surface in Figure 72.
The semi-major axis of the ellipse has a Q value of 21.7 x 105 m2/sec? and the
semi-minor axis 19.9 x 106 m2/sec2. The ellipse is oriented such that the minor
axis Is only 4° from the foliation.

The Q-ellipsoid in single crystals has an identical orientation with the optical
indicatrix for hexagonal through monoclinic systems. Thus the orlentation of

the Q-eltipsoid Indicates the principal directions to which the elastic properties
of a material are referenced. |f the material is uniformly anisotropic over the
study area, it behaves as a single unit or as a pseudo single crystal and the
Q-ellipsold orientation gives us the orientation of this pseudo single cyrstal.

In a sense this geophysical method allows us to do what Is Iin effect a petro-
fabric analysis over a large area in a rapld and simple fashion.

Criteria for Homogeneous Anisotropy

Now let us discuss the evaluation of the type of anisotropy found In the study
area by the use ¢f the standard deviation used in statistics. The three types
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ot deviations used in this evaluation are:

7 -2, Y where M = —
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The first term, Gﬁ , is the standard deviation of the measured values and

t can be *hought of as the deviation of the data from the best fit circle in our study.

b The ~econd term, & @ » Is the deviation between the best fit circle and

|| .best fit Q-surtace Qr the same sulte of directions { . This value gives a

measure of the amount of anisotropy. The third term, { , is the deviation

of the data from the best fit Q-surface. |f Gy Is grester than (I

the data fit+ the Q-surface better than a circle and the material is an?sofroplc. |

However, the anisotropy could be caused by Inhomogeniety throughout the study :

?, area and not by a homogeneous or uniform anisotropy as displayed by single
crystals. Anisotropy Is defined in our study as a change in physical properties

' with direction and therefore could be caused by a directional change In homo-

[ geneity as weil as uniform anisotropy throughout the study area.

I f, however, O_R ) G;ZQ > a-q, the material is judged to be homogeneousiy
anisotropic or centrosymmetric as Is the case for single crystals. When this
criterion Is met we say that the material behaves as a pseudo single crystal.
The criterion for pseudo single crystal behavior merely states that the degree
of anisotropy, as Indicated by G_ﬂ » must be greater than the scatter In
the data from the Q-surface. This & a reasonable criterion and does not say :
that no Inhomogeneity is present, but rather that the amount of homogeneous o
anisotropy Is greater. In our study area the calculations are: L

On
Gaq = 468 x 10° 3
Gq ? |

2,11 x 10 !
Since Gp‘ will always be greater than or equal to G , the value Is an
Indicator of the degree of Inhomogeneity In the sample, but also includes

5.13 x 10°
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measurement errors. As stated earlier 6—“ Q is a measure of the degree of
anisotropy. Thus the degree of inhomogeneity is probably best described by the
value of G'q.- 0 . When this value is positive, heterogeneity predominates
(or large measurement errors), but when the value Is negative, homogeneity pre-
dominates. In our study, the value is negative and thus the degree of anisotropy
Is great enough to overcome errors in the veloclty measurements as discussed
earlier, The criteria for homogeneous anisotropy are met and the material in

the study area is therefore judged to be pseudo-single crystalllne In its
mechanical behavior,

Conclusions and Summary

From this experiment we conclude that In the study area on the Vaughan Lewis
Glacier upproximated by an equalateral triangle, 160 meters on a side, the glacial
Ice behaves mechanically as a pseudo-single crystalllne material to seismic

waves. Thls homogeneous anisotropic unit msy be primarily due to a strong align-
mant of ice crystal c-axes normai to the follation which was produced at an
eariler time, probably at the base of the icefall farther up-glacier. The P-wave,
SV-wave and SH wave ve'ocities do not fit the veloclity models calculated by
Bennett (1972b) based upon uniform distributions of ice crystal c-axes within a
cone or on the surface of a cone with various apex angles. Therefore, it is
possible that the c-axes may have a more complex distribution with a tendency

*o align norma! to the foliation. On the other hanu, the anisotropy may be due
ot only to the gross crystal orientation but be partly controlled by oriented
~tructures in the ice and by the effects imposed by the presence of a stress fleld.
Since petrofabric data are not avallable In this area at present, we cannot be
sure how large a contribution each of these throe factors makes. However, based

on petrographic studies in other glacial areas, where foliation is pronounced, It
Is probable that strong c-axes orientations are the most important single factor.

Extending this analysis to other areas, we should expect, for example, that
velocity anisotropy wnould be found along the Vaughan Lewis Glacier for some dis-
tance down-glacler where foliation bands are still detectable to the eye" Where
the foliation becomes nearly paraille! with the medial moraines, however, the Q-
surface major axes is probably orthogonal to the flow direction. There is no
compel ling reason to expect velocity isotropy to be the rule, especially in the
flowing glaciers, and it is probable that most glaciers display varying degrees
of velocity anisotropy between different glaciers as wel! as along the axis of
any particular glacier. Because the field method used provides a reasonably
fast and simple method of doing a petrographic type analysis over a large area
with In situ measurements, we belleve that It has great potentia! In the area
of glacial gecphysics as well as in analysis of other rock types.

The objective of this study was to test for velocity anisotropy on a highly
foliated Temperate glacler, the Vaughan Lewis Glacier, located on the Juneau Ice-
field, Alaska. The selsmic experiment Included a standard on line refraction pro-
file to confirm that the ray paths were direct near surface travel! paths in the
anisotropy measurements, The velocities were measured over a 62° change In

azimuth using a straight line group of four 3-component geophones and a series of

7 shot points located along an arc. The compressional wave, horizontally polarized
and vertically polarized shear waves were all found to have velocities which
depended upon direction.

* v, Figure 70b
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when the data are fitted to the theoretical Q-ellipsoid, the highly stressed
giacial ice in this particular study behaves sonically as a pseudo-single crystal
which has homogeneous anisotropy. The compressional wave velocity anisotropy is
observed to be about 4 per cent with the maximum in a direction roughly normal
to the follation. The Q-ellipse, which represents the entire velocity data,

has its semi-minor axis oriented approximately 4° from the foliation and thus
its semi-major axis is nearly orthogona: to foliation. The main cause of the
anisotropy is pro.abiy due to gross ice crystal orientation with a tendency

of the c~axes to align normal to the foliation. However, additional factors
wnich way Influence the anisotropy are gross orientation of structural features
in The ice and the presence of a stress field. |t is apparent that the Q-
eilipsoid method of analyzing directional seismic velocity data has many appli-
cations in glacier geophysics and In the study of other rock types.

i
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C. ELECTRICAL RESISTIVITY AND GRAVITY SURVEYS

During the course of this contract, four projects were developed for the
application of electrical resistivity methods In an attempt to de!ineate
(1) water depths In pro-glacial valley train deposits of the Ptarmigan
GlacTer; (27 fo dirferentlate Firn-depfhs on The Lemon and Taku Glacler;
T3T ¥> explore Ice-cored moralnes In The Llewellyn and Cathedral Glaclers
and (4) to determine Ice depThs In palsas and pear plateaux of The ARTTTA
region. The latter sfudy has been reporfed on Ih publlication by Taliman
(1973). Other aspects of this research are reported by Tallmen in her

Ph.D. thesis (1975a) and in the report of the Arctic and Mountain Environ-
ments Symposium held at Michigan State in 1972 (v, Taliman, 1975b),

More strictly glacliological research was carried out at an earlicr date by

Dr. Heinz Mlller and during the period of this contract by Dr. Richard Kellogg
whose reports are In preparation. Dr. Heinz Mi!ller advises that on the Taku
Glacier this method detected a unique interface at 40 meters depth in the firn-
pack of the intermediate elevation (geophysically Temperate) zone In the
vicinity of Camp 10. This presumably has significance in terms of the water
conteni cof the firn-ice material to be expected at this depth. We anticipate
his final paper on this study.

Successful gravity depth surveys of the lower Gilkey and upper Cathedral
Glaclers were conducted In 1972, The reports on these await completion of
the ohotogrammetric map noted In Part V,

D. EXPERIMENTAL DETECTION OF GLACIER NOISE AND DISCONTINUOUS MICRO-
MOVEMENTS

Geophysical techniques were applied to the detection and monitoring of glacier
noise through the use of hydrophones and portable seismographs. Detalls of
the hydrophone experiment are glven In section !VD.(Also v. Pinchak, 1972b)

Selsmographic Recording

In 1973 an experimental program was initiated using seismograph equipment to
detect ard record glacier "noise" A network of four portable seismograph units
was emplaced In the wave bulge sector of the ice apron at the base of the Vaughan o
Lewis Glacler. Records were made on rotating smoked drums which, after a few '
days of operation, revealed a vast numbcr of previously undetected microselsms
attributed to minute increments of discontinuous shear-flow deep within the
glacier, Thls interesting project was carried out with the help of Dr. Robert ]
Page and Willlam Gawthrop from the U.S. Geologlcal Survey's National Center 3
for Earthquake Prediction In Menlo Park. Their involvement was prompted

because of a mid-summer earthquake reglstering 7.2 on the Richter scale, with

its epicenter 50 miles off-shore from Cape Spencer, Alaska ... i.e., 175 miles west
of Camp 18. In field studies of the after-shock, unexpiained minor shocks

were detected, belleved possibly to relate to glacier noise In the La Perouse
Glacier near the USGS fleld recording site. |t was thus desirable to run

some tests to Identlfy the signature of glacier noise.

The microselsms measured on the Vaughan Lewis Glacier proved to be of par-
tlcular interest to us. We belleve them to relate to in-ice basal and marginal
shearing, particularly In the compressive flow zone at the base of the icefal]
(F§53).In effect, the signatures corroborated our susplclon that all glacier
flow 1s fundamentally sporadic and dlscontinuous.
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Field mapping of folded basal follation structures in this lce apron zone
also proceeded during the 1972 to 1974 summers with their configurations

found to relate to a pattern similar to that shown schematically In Figure 72.
‘ Earlier research on this subject has been reported by Miller (1968, 1975a).

i The continuing investigations on this problem during the period of this
contract have been closely allied to the continuum mechanics and structural
glaciology studies discussed in Part Vil (following) and in the geophysical

, anisotropism research discussed in the preceding section (VIB).

‘....._
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PART V11 CONTINUUM MECHANICS AND STRUCTURAL GLACIOLOGY*

A. Glaciers as Structural Models

? Our varlous investigations on the Juneau lcefleld have Indlceted that the
Vaughan Lewlis, Gilkey, Herber+t, East and West Twin and other glaciers present
an excellent opportunity for study of glaclers as structura! models both
geometric and kinematic (Waag, 1972).

Structures analogous to those found in plutonic rocks are abundant and Include
schileren, schileren domes, marginal flssures (Federklufte), cross-jolints

] (Q Joints or Querklufte) and stretching surfaces. In addition, along the

l margins where the glaciers are In contact with drift or relatively unconsolldated
debris, marginal "upthrusts" originating as elther Riedel shears or Federklufte,
or both, can be Identlfied.

The various glaciers within the Gilkey Glaclier Trench also differ In their

overall configuration of foliation. In soms, the follation Is arranged In

smooth curves convex down glacler and approximating a parabola (Fig. 70b). In others
the follation outlines complex subparallel digitations resembling shear folds

or passive folds In other metamorphic rocks, and a wide variety of fold styles
between the two end members exlsts (see photos p. 91a, c).

The causes and kinematic differences manifested in these differing styles

are not yet understood, so detailed further studies are planned. Some
detalled mapping, however, of these englacial structures has been accomplished.
These efforts ally to the continuum mechanics investigations on these same
glaciers and elsewhere on the Juneau lcefleld. The results of these combined
studies, when correlated with structural differences within the glaciers

and their surface manifestations, will yeild useful models for understanding
these structures, the morphological expression of them and the fundamental
causal factors involved via the deformation stresses in glaciers as 2 whole.

] As examples of the specific kinds of studles Involved, the following research
is reported.

b B o i A S wackiunthC i A i SR

8, Fim Folds, A Mode! for Cover Rock Deformation

Investigation of deformation within firn and old snow overlying the ice of

] the Vaughan Lewls Glacier in the Gilkey Trench suggests a possible model for
accomrdation of cover rocks during basement shortening. Deformation occurs
where the Gilkey Glacier complex swings through a right angle turn into the _
main trench and the icefall of the Vaughan Lewis Glacier contributes large ]
quantities of ice (Figs. 53, 70a and b). A decrease of moraine width and

convergence of the medial moraines through the turn adjacent to the base of 4
the icefall indicate lateral shortening attendant to down-glacier movement.

Foliation and banding within the glacier ice strike parallel to the flow
direction and generally dip steeply toward the icefall of the Vaughan Lewis
Glacier. The decrease in width between the converging moraines is apparently
compensated In the lce by an increase in depth and velocity. The change In
shape |s accomodated by flowage parallel to the follation (Fig. 73), while
Initially horizontally bedded snow and flrn accomodate by buckling (Fig. 54) into

* Prepared with the cooperation of Dr. (haries Waag, Dept. of Geology, Georgia
State University, W.A., Dittrich, Physics Department, University of Colorado,
and Dr, Gordon Warner, General Motors Institute, Flint, The rotated follatien
theory is after M. Miller (i975a),
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concentric and disharmonic folds. Within a distance of 100 meters, the
glacier decreases In width from 55 to 35 meters. This represents approxi-
mately 35 per cent shortening. The folds genarated by the shorteiiing range
from 35 ¢m to 5 m in width, from 12 ¢cm to 1.5 m in height and from |.5 m to
25 m in length. The folds range from upright open forms to tightl,; appressed
overturned forms, however, the directlion of overturning Is not conslistent.
The tctal area of upbucklln? (anticlines) Is small compared to the area of
non-upbuck! ing (synclines).(Figs. 54 and 7® from Waag, 1974; also v. Pinchak, 1973).

Rhombus and Rhomboid Parallelogram Patterns on Glaciers as Natural
Strain Indlcators

Subtle rhombus and rhomboid parallelogram patterns on the Vaughan Lewls

Glacler and the Gilkey Glacier(see Waag, 1975)  apparently indicate strain
orientations within the lce and overlying firn. The patterns .in bubbly ice at the
firn-ice interface, reflect stresses transferred from the ice into the firn,

and form through differential recrystallization wlthin narrow preferred zones.

Convergence of the Gilkey Glacier media! moraines Indicates lateral shortening
of approximately 30 % (Fig.55).The short axes of the rhombi and the obtuse
angle bisectors of the rhomboids are paraliel to the strike of extension
crevasses, to the axis of shortening and thus to sigma I. The long axes of
the rhombi and the acute angle bisectors of the rhomboids are parallel to

the foliation, to ice flow direction, and thus to sigma 3. The angles of

the parallelograms are variable locally, but average 105 and 75 degrees, the
variation probabty refliecting intensity and duration of stress. Similar

parallelograms occur within the troughs of wave bulges below the Vaughan
Lewis lcefall (Fig. 53),

In the wave bulges, the foliation arcs parallel the wave and the !ong axes of
the rhombi and acute angle bisectors of the rhomboids paraliel the foliation,
the direction ~f elongation and thus sigma 3. The short axes of the rhombi
and the obtuse arjl2 biscetors of the rhomboids parallel the strike of radial
crevasses and siagma |, (3gain see Waag, 1975)

Although the precise mechanisms and conditions of formation of the parallelo-
grams are not yet understood, the geometry is curiously similar to quadramodal
plots of c-axis orlentations in some ice petrofabric studies. Detailed
quantitative measurements of strain within both glaciers are plianned, but
-+.dn data to date and thefirn folds (rig.73@ sypport the above stress analysis.

D.  Morphology and Origin of Wave Bulges and Ogives

During the past six years, continuing measurements and surveys have been made
of englacial structuyres In the apron sector below the Vauahan lLewis and Herbert
Glacler icefalls on the Juneau lcefield (see Fig.53 and 73b).Following the
concept of Miller (1968),the rotated-follation theory of wave-oglve and

ogive formation is further elucidated, as opposed to (|) the ablation theory of
Nye (1967) *; (2) the varying longitudinal stress theory (Freers, 1965) and

(3) the compressional rotation .heories discussed by Havas (1965), Kittrdage
(1967), L.R. Miller (1970) and Dittrich (in this repori and 1975). To some extent
it Is probabie that elements of each concept pertain. The folded-foliation
theory is given more credence by our recent studies, therefore its essence

is reviewed with respect to the Vaughan Lewis Glacier with further detaills
given in Milfer, 1975a,

* personnel discussion with Dr. J.F, Nye at Camp I8, August, 1967.
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F Morphological Character of the Vaughan Lewls Glacier

§ The glacler is comprised of tive glaclomorphic zones, noted as A through E in

; Figure 74. The prime nourishment zone (A) is the highest. A discharge zone

j (the icetall or Zone B) lies between 5000 and 3000 feet. Below this(p. 9l8) is an
f expanded foot of the icefall forming an Ice apron (C) and characterized by

sphying radial crevasses. This is the wave-bulge zone. The next lower leve!

Is In the valley glacier sector, or the zone of maximum wastage (D). Lastly

Is the terminal zone where the glacier calves into an ice-dammed lake In Avalanche
Canyon, Just north of Camp 23 (Fig. 2).

The mean ndv8-line since 1965 has been at or above 3800 feet, hence above the
base of the lcefall and high enough to permit study of englacial structures.
These structures are manifest at the glacier surface, on crevasse walls and

in marginal collapse zones. They Include transverse tension crevasses (Zones
A and B); oblique and splaying crevasses and low-angled thrust faults (Zone C);
tectonic (flow) foliation dramatically exposed at the surface (Zones C and D);
i normal and recumbent englacial folds plus surface wave-bulges with the folliated
structures deforming into ogives (Zone C); &nd cross-cutting secondary lice
veins and white-ice Inlays exposed on the ice apron down-glacier (Zones C and
D). To understand and explain them each of these fractures must be mlated to
the total systems analysis of the structural gtaciology nf the glacier as a
whole and cannot be considered as separate entities.

e == e

wave Bulges and Ogives, a Differenflation

i The sequence of upbulged surface waves and relative thickening in the apron
I region is considered to be the result of annual variations in longitudinal
stress produced by regime changes in the ndvé (L, Milier, i970). This is
abetted by the impinging of ice against a bedrock threshold shown by seismic
depth soundings taken in the 1965 JIRP field secson (Kittredge, 1967). As
the wave bulges pass over the threshold and the bedrock gradient Increases,
compressive strecs is replaced by tension and the bulges rapiciy attenuate.

The englacial ogive pattern so well displayed down-glacier is attributed to
hyperbolic ceformation of the folded tectonic foliation, further exposed by
ablation., As the ogives pass down-valley in the two-dimensional expression
thay assume more parabclic form, Ogives are coincident with the bands In

the wave-bulges, but in this up~glacier area they have no surface amplitude
and show no detectable outlining with respect to the bulges. But the attenu-
ation of buiges downstream increases the delineation of the ogives because
more and more debris becomes concentrated at the surface from ablation of

the basal foliation, thus concentrating dirty zones along banded lines. Some
i of the intervening white ice inlays are of clean and bubbly ice. Miller (1968,
: 1975a) considers these to represent compressed crevasse fillings from winter
snow avalanches in Zone B at the base of the icefall. Waag (personal communi-
catlon) suggests the possibility that they are mylonitic zones of Iintensified
shear. Corroboration of Miiler's idea, however, seems to come from the dis-
appearance of these inlays far down-valley (Freers, 1966).
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Variable deformation of the oglve patterns from the pointed arch (projectile) |
form to more rounded and parabolic forms is ascribed to streaming (parabolic)
flow, which results when the glacier Is undergoing minimal basal slippage.
wWhen such slippage increases in consequence of the rectiiinear or plug-mode
of flow, these arched bands even become rectangular in pattern, giving rise
to the term rectilinear flow (Miller, 197 3b), Variations of this kind are
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found in the down-valley sector of the Vaughan Lewis Glacler (Fig, 70). For this
the term "ogive" may not be fully appropriate, except in cases where there are
geometrically true "oglve" forms, For more general usage, It has been suggested
that these features may be called arch-bands iMlller, 1954),

For our purposes the term wave-bulges (wave-ogives) is reserved for those large

surface undulations which begin fo form at the base of icefalls (Fig. 53} and which in

this case In the ice apron sector have their fullest development with amplitudes
up to B0 feet and wave lengths of 300 or more feet. The general term ogive Is
sti!l used, however, but s reserved for reference to arch-banded structures ex-
posed two-dimenslionally on the surface in Zone D after the wave-bulge affect

has attenuated.

For convenience, the term wave-oglive has value if specifically referring to the
3-D banded structures revealed in the bulge zone. These ban:s relate to a
remarkable series of tectonic folia (Fig. 73d). They are also well shown at

the surface and margins of the apron below the icefail.

Folded Fcliation Theory of Ogive Formation

Fleld studles between 1962 and present permit the further development of 2 unique
theory of wave-ogive formation, first expressed at the Symposium on Surging
Glaciers and thelr Geologic Effects In 1968 (Miifer, 1968), The theory involves
rapid down-val ley movement of an icefall and its maximized longitudinal stress,
which is responsible for development of recumbent isoclinal fold structures.
Although rarely exposed at the surface, these have been found in rotated +olia
at the glacler's margin. The overturning is occasioned by a sudden change of
declivity as Ice moves over buried bedrock cliffs. The folds are subsequently
righted into more normal positions as the glacier passes from a zone of tensile
stress to a zone where the principal stress becomes compressive (Fig.73b).. The
charucter of such follation "folds" is accentuated at lower elevations where
truncation by ablation exposes remnants of them in a way similar to erosion of
plunging sedimertary folds in bedrock of the Appalachians,

The manner in which these folds are produced from basal folliaticn parallel to

the glacler bed in Zone A, to deformed and overturned folia in Zone B and finally
to re-orientated positions in Zone C, is depicted in Figure 73b, The relationship
of alternating clean and dirty ice in the sector of max’'wum ogive exposure farther
down-glacler may be a consequence of debris variability in the flow foliation.

The presence of low-angled thrust surfaces and of Inlays of what have been
suggested as compressed segments of young, bubbly glacier ice are dlagnostic,
as Iis the presence of splaying radlial crevasses from extension effects in the
ice as it emerges from the construction of its bedrock defile (bottom of Zone
B). These are all expressions of tectonic processes in the lower icefall zone.
The crux of the explanation lies in a plunge-pool effect due to existence of

the bedrock threshold shown on the schematic profile In Zones B and C Fig.s 73b,74),

The bedrock topography provides just the right compression to upbulge the
rapldly flowing ice before Its surface is levelled by atmospheric ablation
processes. Or indeed, as Dittrich suggests next in this report, a rotational
form of flow in and below the icefall would produce the same type of effect,
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E. Rotational Flow on the Vaughan Lewis Glacier

One of the more controversial postulates In glaciology is the concept of
rotational flow (Lewis, 1949; McCall, 1953). In an effort to determine to

i what extent +his mechanism could affect the development of wave-bulges (Fig.53)
» in the Vaughan Lewls Glacier, approximate flow rates from above and below the
Vaughan Lewis lcefal! have been calcuiated from transverse veocity and selismic
proflles In 1971-72The surface features of the Vaughan Lewis Glacier and ad-
Jolning Gllkey and Watchamacallit Glacier are interpreted In terms of the
surface veloclty field (Fig. 75a). The degree to which the fiuw within the
Vaughan Lewis icefall is rotational Is estimated by comparing the veloCity of ir-
rotational flow, as calculated from measured fiow rates (Fig.75b,c).The
measured longltudinal velocity profile corresponds to highly rotational flow.
This quant!tative measurement might support earller postulates that the for-
mation process of wave-bulges and associated ogives to some extent relate to

a rotational flow mechanism as well as compression in and below the icefall
zone. Full detalls of this tantalizing concept are presented elsewhere by

one of our research workers, W, DIttrich (1975).

! F. Mlcro-Strain Measurements and the Question of Glacler Tides

Further to the foregoing, Dr. Gordon Warner (1972, 1973, 1974 *) has conducted
research In micro-strain measurement on several Juneau lcerield glaciers using
] unbonded single-wire strain qages. The aim of this research was to develop

a more precise straln-measuring method than the taping and survey Instrument
techniques heretofore avallable(e.g. Wu and Christianson, 1964) and one which
was dependable under difflcult field conditions.

e

The measuring technique which was developed uses unbonded electrical-resistance
strain gages which consist of single strands of 5-ml| Constantan wire [0-feet
long. SlIx gages are embedded In the glacier-ice surface in the form of two deita
rosettes In order to obtain strain at a point with some redundancy of data In
thls two-dimensiona! problem. The rigid-body rotaticn of the gage anchor

posts was measured by sensitive Inclinometers in order to assess the effect of ‘
pressure melting on the strain data. The data are Interpreted ‘using cross-

correlation and best-fit programs to yield maximum shear-strain rate and average
normal-straln rate.

TNy WO

Strailn readings were conducted on the Ptarmigan Qéacler. The maximum shear-strain
rate at the surface ranged from 0.25 to 1.2 x 10 ~/hr., which agrees with estimates
derlved from known flow ratess. The wire gages were found to adhere to the ice well
enough to make the gage anchor posts unnecessary. Pressure melting Is therefore
¥ Insignificant.A tolerance of +6.0mlcrostraln was determined for the strain gages.

,....
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After two summers (1972, 1973) of measurements using this method, Dr. Warner has
found a unique diurnal fluctuation In micro-stress which may not be meteorologically
related. The suspiclion Is that we are detecting glacier tides similar to earth
tides. The significance of this possibility is great In terms of actuating the
movement of lce sheets. A bore-hole strain gage Is cucrently being develoned to
alleviate the effects of dally meteorological changes In our contlnuing ficld

resaarch on this fundamental problem,

* Also see Warner and Cloud, 1974
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PART Vill PATTERNS OF RECENT GLACIER VARIATION AND NéVé REGIMES
ON THE JUNEAU ICEFIELD

Fundamental to the Integrated research aims of this regional terrain study
and the glacial processes which dominate Is an appreciation of the morphology
and present position of the terminl of the main glaciers involved.* Of further
import Is an understanding of the former positions of these ice tongues as
they relate to the evolution of relict landforms...moralnes, cirques, berms
and the like. Thus, brlef notation is made of extensive reports recently
published on these matters by members of our research group, Including per-
tinent papers during the interval of this contraci. Of special Importance
are Miller (1972, 1973, 1974, 1975); Egan (1971); Jones (1974; 1975);
Taliman (1972, 197%) and Zenone (1972). Earllier reports providing further
background on the regional glacler puisations are by Besche! and Egan (1965);
Egan (1971); Egan et al (1963); Konecny (1966); Lawrence (1950); Miller
ot al (1968) ; Chrasnowskl (1968) and Miller (1964a, 1967, 1969 and 1971a).

The regiona! regime pattern on the Juneau lcefield over the past 30 years
has been one of accentuated downwastiiny and retreat in terms of the number
of glacler termini Involived (some 32), with only five showing equilibrium
pos{¥Tons and but two In a state of vigorous advance. Thus 80 per cent
have dominantily negative regimes. However, In terms of the total area
and volumes of Ice Involved, the 6 per cent (2 in number) in SIVERTE
added Yo The 15 per cent (5 In number) Iin equilibrium represent more than
50 per cent of the tota! volume of glacial Ice on the Icefield. Thus

the regime trend of the lcefield over the past decade Is healthy, and one
that in the overal! reglional sense Is producing a continuous bulld-up and
eniargement of the total volume of ice In the presantiy glacierized area.

As discussed In Part I1-F, this renewed growth of the main highland glaciers
in this region Is allied to a current 80-90 year climatic cycle, the cooling
end of which will apparentiy bottom out about the year 2000. In consequencs,
the lower ndvds (below 4500 feet and down to 3000 feet) are experiencing re-
newed accumulation, whereas the upper ndvéds (4500 feet and higher) are
generally receiving less snow each year, Glacler variations In the Taku

and Atlin Districts over the last 400 to 600 years of the Alaskan Little

lce Age have been well inventoried by Lawrence (190)and Miller (1964,

1971 a and b, and 1975a).

* Kgain refer to examples in photo suppiement, especially page 91d.
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PART X PERIGLACIAL INVESTIGATIONS -LANDFORMS AND PROCESSES

A.  Research on Tank and Tor Topography

As discussed In Parts X to Xit1 , the limits of middle and upper Wisconsinan
glacliation can often be identified by the presence of large tors (bedrock

knobs) and associated tanks (rock basins) or bedrock depressions(p. 91). These
abound at elevations higher than 4000 feet (1200 m) at the northern end of the Atlin
valley and above 5000 feet (1500 m) at the south end. This Is because their evo-

iutlion has demandad a prolonged perlod ~f subaerial exposure.

Simllarty, on the peripheral ridges of the maln lceflield In coastal Alaska
Wisconsinan limits are well shown by such topographic expression, One such
locale Is the 4000-foot rock ridge separating Ptarmigan Glaclier from the
Canyon Creek cirque system (Fig. 23). Here a unique development (p. 9ib) of
smal i-magnitude tors and tanks characterizes this deglacliated ridge. Special
study of these features was conducted in 1972 and 1973 (ZwiCk et al, 1974),

The research locale was a ridge zone about one mile long and one quarter mile
wide. Width of the tors ranged from several meters to 20 meters, with lengths

ot 40 meters and heights and depths of | to 5 meters above and below the Im-
mediate surrounding surface. The tanks have served as rnivaticn hollows for
locatized firn-packs during the most recent decade of cooling climate, with

the firn In some being retained over several summers. The tanks are related

to selective plucking between granitized lithologies (gneisses and migmatites)
and the more schistose units exposed on these ridges. Thelr geometry is
controltled by rellct bedding structures and joint sets. The major tank orienta-
tlon Is N 45° to N 60°W, roughly paralle! to the N 47°W direction of ice move-
mernt in maximum Wisconsinan time. '"Bedding" structures on these granitized units
also strike N 50°W + 10°, with major joint sets of N 55°W + 20° and N 45° E+ 15°,

Associated with the tank and tor relief are single and compound sofifluction
lobes which lie as terraces on sides of the crestal ridges. Distinct morpho-
logical characteristics provide measurable aspects regarding relative age,
nature of movement and association of dimension, slope, !obe thickness and
slze of clasts. Some information was gleaned on recent sedimentation and
organic development rates in the tanks. A quantitative conslderation of all
factors was attempted. Ona conclusion is that the stabilit of detrital
mantle on these frost-riven slopes is greatest when there |s a combination of
gentle slope and coarse material. Fabric studies suggest that variations

in width/length ratios and slope have |1ttle effect on the nature of de-
formation during mass wastage (Fleisher, 1972).

The summit relief along these ridges is controlied by the abundant tors and
tank basins, with the tors often found to stand as stone walls along the crest
and to be located along the strike of the more felsic facies in the granite
gneiss, Sollfiction lobes a few meters across and 4-8 meters long typically
form at the base of the tors.

Our investigations have shown that (1) tors are weathering remnants of middle
to late Wisconsinan time; (2) many small tors are presently forming and
contributing material to the flanking solifluction lobes; (3) +the tanks

are presumed to be a result of glacial quarrying by early Wisconsinan lce

which overrode the ar8fes; and (4) because of the elevation of the ridge crests,

SRR
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the overriding ice could not relate to present glacial dralnages. Most
probably its provenence was coastward flowage of Taku Valley Ige from the
Interior of the Northern Beundary Range during maximum early Wisconsinan
glaclation.

B. Patterned Ground

At an elevation of 2500 feet (800m)st the north end of the Camp |7A arte (see
foregoing), an array of large relict stone circles has been studlied (v.p. 91b)The
circies are 2 to 5 meters acrogss with thick and wel{-developed heath martes
flilting thelir centers. The locatlon of these circles, In positions Just out-
side of the sequence of Neoglaclal moraines noted in the discussion of the
Ptarmigan Glacler, Part XA, reveals that at the time of the ring formation ex-
cessive frost conditions existed some 1500 feet below the zone of maximum tor
and tank deveiopment. This supports the Idea that these striking periglacial
features evoived during the waning phase of the most recent maximum glaciation
Just prior to the pronounced warming of the Holocene. During the Thermal
Maximum, there was minimum frost action, but since the onset of Neoglaclial
condltions re-1ntensitied frost weathering and active solifluction have been

the prime periglaclal processes affecting these slopes.

A large number of active stone rings and assoclated stripes and solifluction
lobes has been investigated in the Camp 29 sector of the Cathedral Glacler
massif (Fig. 3) as well as on higher ridges and tundra plateaux above the
5500-foot permafrost level in the Atlin region. Relict stone clircles are

found here at elevations down to 3000 feet. Reports on this research are forth-
coming (e.g., Jones, 1975; Nelson, 1975). Active patterned ground and
felsenmeers associated with permafrost have also been studled on high ridges

In the central Juneau lcefleld area, especially near Camps 8 and 25 (i.e.,

above 7000 feet elevation).

C. Research on the Age of Palsas ,Upland Peat Plateaux and Rock Glaclers

The discovery of a number of palsas (hydrolaccoliths) and ice-cored peat
plateaux in high-level swamps of the Atlin tundra region (Miller, 1973) has
opened up the opportunity for some unique research on terrain of transitional

permafrost character. The best developed palsas areon the flattish upland (v. p. 9l1a)

at the head of valleys above 300C isct elevation, up to the permafrost seep
level at 5500 feet, above which elevation true permafrost structures occur.
Ot particular Interest were the palsas in the Intermediate and upper Fourth
of July Creek Valley some 20 miles northeast of Atlin (Fig. 3). Here the
palsas are quite similar to those described In Finaind by one of our re-
searchers, Dr, Matti Seppala (1972). The Fourth of July Creek palsas lie

in the midst of a striking swarm of late Wisconsinan eskers (Tallman, 1975)
and have been investigated by electricul resistivity means (Tailman, 1972 and
geophysics section of this report).

Of particular interest here Is our research on the age and evolution of these
features, the significance of which Iles In thelr sensitivity to climatic

change (Miller, 1975b). A trench was dug through one large peat plateau at
3300 feet elevation and a collection of twigs collected from the frozen silt-
clay interface at Its base (i.e., the stratigraphically lowest zone of orgarikcs).
A radlocarbon date of 9315 + 540 C-14 years B.P. (Geochron 1972, Sampie GX 2694)
indicates that +this is essentially early Holocene vegetation and hence that
the ares began to be deglaciated 9 to 10,000 years B.P. Simlliar dates from
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8 reactivated palsa in the same locale gave a date of approximately 8050 * 430

C-14 years B.P. (Geochron, 1972, sample GX 2695). A sample from near the base

of a palsa bog at 3000 feet elevation gave 3,090 + 170 C-14 years B.P., which
Indicates this palsa developed In Neoglacial time. Zones of "dead" palsas have also
been Identifled, suggesting a growth and decay perlodicity which may relate to

a periodic growth and self-destruction that Is now entirely climatically controlled.

when altied with C-14 dates in other bogs in the Atlin vailey (Anderson, [970;
Miller and Andearson, 1974), this information suggests that to some extent the
palsas are thermally transitional frost-related features, sensitive to vertical
shifts In the regional freezing level and more importantly to changes In dura-
tion of the winter season. Thus they may provide geomorphic evidence for
secular climatic trends well outside of the present glacial position, The
question of climatic connotation remains sufflciently uncertain, however, that
our research on this phenomenon Is proceeding. Further studles in 1975
extended Into a region of more extensive palsa development in the Ross River
area, some 500 miles to the north. This will be reported on in a later
publication.

Our rock glacler research in the Atlin sector also has Implications regarding
Holocene climates, as the rock glaciers all truncate late-Giacial moralnes. The
rock glaclers are usually assoclated with cirque glacier (alpine stage) develop-
ment in the early Holocene, following deglaciation of the main Atlin valley. Key
aspects of this research are noted in the section below.

O.  Tundra Terrain and the Permatrost Seep Level

In the Atlin area, permanently frozen ground is found above the elevations
of 5500 feet and on the Juneau Icefield above 6000 feet. Below these levels
there is a summer-long seepage of melt-water out of the ground ice. Thus
tundra plateaux at this elevation in the highland areas bordering the Atlin
valley are often saturated with water even though the regicral climate is
seml-arid ({0 to Iz inches of w.e. preciplitation per year),

In this zone, stone stripes and sollfluction lobes abound and at elevations
above 6000 feet large and active stone rings and polygons occur, some with
dimensions of 4 to 5 meters across. Many rellct stone clrcles are also found
at elevations down to 3000 feet, revealing the effects of Pleistocene and
early Holocene climatic change. The reglon Is propitious for further research
on a type of terrain that is found In many areas of the Yukon and Alaska near
and beyond the Arctic Circle,
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E. GEOBOTANICAL AND SOILS STUDIES

In the Atlin region and adjoining sectors of the Yukon, rock glaciers have
been propltious for (ichenometric study (e.g., Miller and Anderson, 1968).

in the Atlin area these studies and our soll vegetation research are stili|

in progress. Preliminary results have been presented by Anderson (1970 and
Miller and Anderson, 1974); WKostoris (1973 Tomiinson (1973); See (1974):
Jones (1975); Mitler (1975a); Tallman (1975) and Magnuson (1975%. The
approach used i{n the iichenometric studies being carried out on these features
ard the moraines of the Junaau Icefleld glaclers Is discussed in the following
section, in which Is considered the example of the Ptarmigan Glaclier near
Juneau.

Exhumed bog leve!s in the Boulder Creek sector of the Atlin region have

yielded some significant results (Miller and Taliman, 1975). A soil and

soi l-vegetation study has also been initiated by Lietzke (1975) to extend
earlier work on solls and paleosols of nunataks on the Juneau lcefield (Lietzke
and Whiteside, 1972). Spodosol development on the youngest t+111 and outwash
drift In the Atlin valley has been shown to have strong similarity with the

old podsol soils described in the Iiterature of glacial solls in the northern
Great Lakes region.

A regional taxonomic study of the vegetation In the Atlin area Is also being
conducted by Dr. J.H. Anderson of the Institute of Arctic Biology, University
of Alaska (Anderson, 1970 and manuscrlipt in preparation).

Further taxonomic research on the plants and soi| relatlonship of Birch Mountain,
Teresa !Island, near Atiin (Fig. 3) Is being conducted by Steven Buttrick of the
Department of Botany, University of British Columbia (Buttrick, 1974, 1975)%,

Mr, Buttrick's research includes Investigation of the tundra area at and above
timberline, with some attention to the relationship of relict patterned

ground.

* In open flle progress reports on 1973-75 field work, JIRP, Found. for
Glacler and Environmental Research, Seattle.
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Part X QUATERNARY TERRAIN FEATURES

This terrain study provides a basis for outlining the Quaternary hisfory of this
key region at the northern end of the Pleistocene Cordilleran lce Sheet. In the
coastal sector, dense forest cover and mass wastage make landform analyses and
interpretations of the geologic history difficult, but by extending the studies
inland across the icefleld, as well as to the upper Taku River Valley and in the
Atlin region (Fig. 3) on the contlnental flank of the Boundary Range, we can

draw useful comparisons from less afforested areas In the Canadian sector. Re-
course Is made also to the evolution of ero:zional topography with the phases of
glaciation suggested by study of the morphology and spacing of tandem cirques and
rock-shouldered berms, as well as relict periglacial features found in coastal
and inland areas. First considered are the surface deposits in the Taku District
near Juneau. During the course of this, reference will be made to the chronology
chart, Table XV.

A. THE TAKU DISTRICT

Tillsand Diamictons

A fossii-rich drift sheet partially of submarine origin was investigated in the
Juneau area (Fig. l), At the top are terrestria! sand and gravel deposits from
tributary valleys that grade Iin places into massive slump areas. This work ex-
tends earlier mapping of these deposits (Miller, 1956, 1963) and reveals that
continuing mass wastage has taken place in Neoglacial time. Radiocarbon dating
of peat overlying the uppermost member of this formation proves it to be late
Pleistocene and early Holocene in age...ca., 8,500 years B.P. (University of
Alaska, Radiccarbon Dating Lab., 1974)., Carbon isotope dating of an avalanche-
sheared and colluvium-covered stump (ca 800 C-14 years B.P.) suggests quite
recent effects in the topmost layer possibly by earthquake If not climatic-
induced debris avalanches in the 12th century.

A geologic apprainal of the formation as part of an earthquake hazard study

of Alaskan coastal communities (R.D. Miller, 1973) has considered these glacial

tills as diamicton (slump) deposits contaminated throughout by berg-rafted boulders.
Although differences of opinlon may rest on how the term diamicton is used, we
suggest that the Gastineau Formation be referred to as a slumped, glacio-marine
till-sheet with its submarine glacial origin emphasized. Only the upper surface ]
zone would be affected by berg-rafting, i.e. from the final phase of deglaciation

in a subaqueous environment, It Is recognized, of course, that the drift sheet

has been subjected to varying degrees of flow deformation wel! after deglaciation,
which process Is presumed to be largely responsibie for the fracturing and

further dissemination of embedded fossil shells,

A two-phased nature of the glacio-marine facles Is accentuated by differences in
weathering on the two main units Involved. The weathering is a function of both
age and environment (l.e., reducing vs oxidizing conditions), Of special interest
is that the lower blue-gray unit extends beneath Neoglacial moraines of the
Mendenhall Valley up to an elevation of 150 feet (50 m) above mean sea level. Also
the oxidized upper unit is found in fossil-rich zones at elevations of 300 to

500 feet (90-150 m) on the sides of gulleys and valley tributaries in the Gastineau
Channel and Lynn Canal sector (Miller, 1956). Thus at {east 500 feef (150 m) of j
sea~-level change has taken place since the advent of the Holocene. This is i

e i eama




-122-
| cu roborated uy Twenhofel (1952) who, on epierogenic evidence, suggested that

av least half of the shoreline changes in this sector of Alaska have been due
! to post-Glacial rebound.

Cirques and Berms

Jne of the most striking geomorphic features of the coastal ridge flanks of the
Boundary Range is a magnificent array of well-developed and for the most part
ice-abandoned cirques, many in ftandem sequences. Regardless of structural or
lithologic character of the bedrock, in the Alaskan sector the cirques form a
five-fold sequence (C-l to C-5) up to 4,000 feet elevation with a roughly 7°0-
ioot spacing in elevation zones from 300 to 3,200 feat (Miller, 1961). Above
the 3,200-foot level there are four additional cirque systems (C-6 to C-9), but

these are largely ice-filled, with less distinct spacing, and lie between 4,000
and 6,200 feet.

On the continental flank ot the range, five distinct cirque levels are identi-

fied between 4,000 and 6,500 feet. The upper four levels ere roughly paraliel

to the elevation dis -ibution of the higher clearly identifiable cirque systems
P! on the Juneau lcefi~ld. The comparative distribution reflects a pronounced

5 rise of Pleistocene snowlines inland (Squyres, Miller and Jones, 1974).

In Table Xl,the mean elevations are given for each cirque system, designated

C-1 to C-9. Comparison is also made with interpretations from the Alexander
Archipelago in southeastern Alaska (Swanston, 1967) and in the Atlin, B.C. area
on the Cathedral Massif (Jones, 1975) ana the Fourth of July Creek Valiey
(Tallman, 1975). Ailied with the cirque distribution is an equally remarkable
sequence of rock-shouldered berms along the walls of nain trunk valleys in the
region (Miller, 1963). These are reflections of major phases of valley glacia-
tion and reveal a five-fold tandem pattern with cyclopean stairs simllar to
those in the tundem cirques. In any direct attempt to correlate these berm
levels with the cirque sequence, the upper berms, of course, Integrate with the
lower levels of cirques(v, Table XII1).

i Significance of the cirque and berm sequence lies in an apparently close re-

lationship between cirque floor elevations and mean freezing levels (elevations
i of maximum snowfall) during sequential stages of the Wisconsinan. The main
development of cirques is attributed to Jaxing and waning phases, abetted by
periglacial prccesses in intra-glacial phases (Miller, 1961).

Reference (Table Xl 1l)is also made to the glacial stage most recently affecting
each of the cirque and berm levels (discussed further on page 124). 3

tEariy Holocene Periglacial Conditions

Relict stone circles of early Holocene age are found at 2,500 to 2,800 feet
elevation on benches and shcuiders of the coastal valleys in southeastern Alaska
as well as at slightly higher elevations in the interior Atlin region. These
are decimated structures, as today true periglacial conditions occur only above
4,000 and 5,500 feet respectively in each sector. Twc examples from the Camp

17 area near Juneau and the upper Fourth of July Creek Valley in the Atlin region |
are found In Appendix H. |
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Development of this patterned ground relates to exposure of the ground surface
in the final retrogressive phase of the Wisconsinan and probably also to early

r Holocene climatic conditions, This is based on C-14 samples of basal organic

: horizons in bogs where some of these features are found, giving deglaciation at
; about 9,700 C-14 years B.P. (Geochron, 1973),

The abundance of tenks and fors on maritime ridges of the Coast Range at 3,000
to 4,000 feet and in the Atlin region at 4,500 to 5,500 feet is further testi-
mony to the long enduring Intensity of frost climates in late Glacial and early
[ Holocene time (Fleisher, 1972; 2Zwick et al, 1974; Tallman, 1975). Along

f Cairn Ridge near Camp 17 (Fig.23 ), numerous small-sized stone rings (up to

X 0.5 meter ) are found. Most of these are relict but a few have reactivateg
centers. At higher elevations on the central nunataks of the Juneau lcefield
and at levels greater than 5,000 feet in the Atlin sector, stone circles, stone
stripes, and other evidences of relict and presently developing patterned
ground are found in abundance.

Late Holocene ioraines

P! Uur investigation of the intermediate-elevation valley of the Ptarmigan Glacier
' six miles east of the Juneau Airport has revealed a sequence of late-Glacial

and Holocene moraines and allied kame and outwash features that are typical

) of the maritime sector. There are seven distinct moraines, the first of which

is pre-Holocene and characteri-ed by stabilized felsenmeers between zones of

thick heathe cover west of Camp |7A.

The four most recent terminal moraines are untruncated and lie in the inner
Ptarmigan Valley (Table X1V)., Lichenometric measurements give the best time=-
stratigraphic information to supplement the morpho-stratigraphic details. This
was accomplished by statistical sampling of hundreds of thalli diameters of
crustose lichen on each moraine using Placopsis gelida (growth rate of | cm per
: 25 years) anrd Rhy»ncarpon geographicum (estimated growth rate of | cm per 80-
- 100 years) (See, i274),

e e —— -

in This sequence, the time-span between moraines I, Il and |l| appeared to fit
= the 80-90 year cycliclty described for this region (Mitler, 1969, 1971, 1973,1974),
= The time spacing between moraines Il and |V appears to represent only a 20-30

vear pulsation. The present ice position is slowly downwasting at the first :
= narrowing of the inner valley. This moraine sequence is significant as a base :
inor turther comparison with glacier regime changes in other valleys of +he 5
boundary Pange.

Pleistccene Erosional Landfoims and Morphogenetic Fhases of Glaciation

The character and significance of erosional sequences given by bermes and cirques
have been further discussed in several recent theses and in other publications
(Egan, 1971; Jones, 1975; Miller, 1961, 1963; Tallman, 1975). A description
of the morphological nature of the sequential phases of glaciation pertaining to
the Cordilleran Pleistocene has been described elsewhere from field evidences
in this area of the Boundary Range (Miller, 1964hJ). The morphogenetic character .
of these glacial phases and their relative magnitudes are noted in Table XII|. C
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I TABLE XIV
LITTLE ICE AGE MORAINES IN PTARMIGAN VALLEY, JUNEAU ICEFIELD

Estimated Date

5 Geomorphjc Peatures  Lichenometric Characteristics of Formatjon

Mi. Outermost Little Ice Considerable heath, grass, ca. 1715=1760
Age Moraines A bold and sedge matte. Large
terminal arcuate in number of ?ﬂl!ﬂﬁ&l!gf thalll
forms Sm high and 20 of 2 to 2.5¢cm mean dlameter,
m wide, with huge
bou’ders in corsolie 1

- dated till. Many :
. lichens,

; f M2. An arcuate, more sube Some sedge and grass, many ca. 1820-1830
j dued, and ie" vege~ g%;;gig;pga of 1.5cm mean
: tated moraine; low ameter. A few Placopsis
hummocks 3m in heights of 2=2,5cm.
rooted willows of 2cms
diam, large boulder

) fragments; Intermediate
! development of lichens.

: ¥3. Orly slightly vege- Slight growth of grass and ca. 1900=1905
i tated moraine, sube moss, No Arpon.
: dued in relief, Some Placopsis up to Z.5cm.
; slump zones, with
coarser materials
than older moraines,
FPew lichens.

M4, Presh-appearing un- Only a few glgcgesﬁs ca. 1925-1930
slumped hummocks, mean diameters, 1- cé.

egsentially nonevege-
tated ground moraine.
Very few lichens,

MS. Ground moraine near Fresh-appearing material) c8..1960-present
present still-atand no vegetation. ‘
of Ptarmigan Glacier |
terminus. Relatively 1
fresh till with une
slumped hummocks. No
lichens,
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Based on the cirque and berm sequence, the elevations of Irdex clrques and the
ralative position of main valley berms on the coast and in the Interior &8s
noted in Table XI!! nresumabiy retate to the nature and magnitude of these
regional phases of glaclation. Because the cirques and berms are the product
of muitiple erosive cycles during Wisconsinan time, this table postulates a
reasonable period of development through a number of glaclal stages. The re-
lative lengths of the arrows do not represent t+ime magnitudes but only suggested
chronologl¢ ranges.,

YT e s g

Plelstocene Depositional Stages

The distinction between stages and phases is that stages have time-stratigraphic
meanina, whereas phases represent glaciation magnitudes; i.e., It is a geometric
concepy 2'd hence only has morphostratigraphic significance. A phase of gla-
clation, cf course, myy embrace repeated stages.

A number of Pleistocene stages have been identified in the overall region of

our concern, but the relationships are made complex by multiple provenances of
ice. Both In the coastal Taku District and In the Interior Atlin region, two

: widespread occurrences of middle to late-Wisconsinan t!!!s are reported, but

! these are not to be construed as contemporaneous. Regionally, however, i{here

' Is evidence of a wldesgread drift sheet attributed tc the early Wisconsinan,
Pre-Wisconsinan glaclation too was all-inclusive, but the only evidence is
high-level U-shaped cols and formerly rounded summits, today seen ss severely
serrated rldges due to the Intensity of Wisconsinan erosional processes. Aiso,

- even though early Wisccnsinan glaciation left extenslive erratics on ridges

: above later glaciation limits, much of the evidence has been destroyed by the
intensity of subsequent periglacial processes. A factor In this is the generally
cold climatic condition at high elevations that even during intraglacial Intervais
f retarded scl'! development. The presence of weathered and relatively deep tili
soils postdating the early Wisconsinan maximum suggests that this glaciation was
prior to 50,000 years B.P,

Surface Stratigraphy on the Coast

The two youngest tiils are found most commonly In the lower parts of vaileys

and on the coast in emerged fiord deposits (Miller, 1963; Swanston, 1967). 1In
the Juneau area the top member is an indurated blue-gray boulder clay diamicton
with coarse clastics, designated In this sector as the upper segment of the
Gastineau Formation, Because of the well distributed boulder and cobble content
and much Intercaliated outwash material, It may be essentialiy subaqueous com-
bined with glacial in origin (see earlier dlscussion), Our studies reveal It

| to contain late-Wisconsinan Clinocardium sp shells and to rest on an older +ill

' with zones of mixed colluvium and glaclofluvial facles. The lower segment is a
more definlte compact and 1li-sorted t11l with a miid weathering profile. In
part, however, |t too is a diamicton with included Leda-type shells. A+ higher
levels it appears to correliate with a weathered silty facles containing a few
large boulders lying stratigraphicaliy below but often topographically above
stained deltaic gravels considered to be very late-Wisconsinan in age. A number
of such deltas occur at the mouths of distributory streams from the Coast Range
Icefields.

Above the boulder silt, todevations of 520 feet (160 m), Is a marine clay con-
taining shells of Clincardium, Pectin and Maccma calcarea gemlin species. Many
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of these have been disrupted and broken by subaqueous flow. What Is apparently

a counterpart of this two-phased sequence has been found in the Alexander
Archipelago (Swanston, 1969)., The weathering profile on the basal unlt In this
drift and an apparent correlate In the Atlin region appear to reflect Intra-glacial
condittons, This sequence, when taken as qglaclally-related and in conjunction with
other evidences (such as the ragional array of clirques and berms) Is aiding in

the gradual resolution of Wisconslnan chronokgy for the Taku District as presented
in Tabte XV.

B. THE ATLIN DISTRICT

Inland Counterparts in the B.C.-Yukon

A probable inland correlate of the upper member of the Gastlineau Formation Is
found In the Tulsequah and Atlin Lake regions (Fig. 3). In the latter area,

the two surtace tills have been well exposed by sluice operations in the main
gold placer streams In the vicinity of Atiin, especially in Spruce, Pine and
Boulder Creeks (Miller, 1975a; Tallman, 1975). |In McKee Creek three t1i| units
occur, Radiocarbon dates on the section In Boulder Creek valley show that
warmer and wetter conditions persisted In the interior prior to 40,000 vears
B.P, Other C-i4 dates from bogs near the Alaska and Atiln Highways and In

creek banks reveal that deglaciation in the Atlin reglon was well underway be-
fore 10,000 years B.P. (Anderson, 1270; Milter, 1975a; Tallman, 1975).

The second oldest till ir the interior reglon (e.g., the basal one at Boulder and
Pine Creeks ard the intermediate one on ticKee Creek) is much more altered by
weathering than the tower tilt-1ike member of the Gastineau Formation. As 1t

is In a much drier interior climate, this weathered till is considered to be

older, teaving the lower Zastineau member to correlate with the upper McKee

Creek unit (l.e., the youngest Atlin till). There appears, however, to be a
genetic relationship between the lower Plne and Boulder Creek deposits and
oxldized high-level moraines near timberline, and possibly to a paleosol horizon
on higher nunatak-. »f the Boundary Range (Lletzke and Whiteside, 1972). Intra-
glaclal conditions secr: to be suggested (provisionally termed the Pine Creek
Intraglacial in Table #V. There is correiatlior, too, with a two-fold Wisconsinan
moraine and kame~moraine complex in the intermediate and upper Fourth of July
Creek Valley northeast of Atiin (Tallman, 1975). Here northeasterly flowing ice
lobes from the Taglish ana Atlir. Valleys flowed Into a junction (interlobate) zone
not far from the upper limit of northwesterly flowing ice from the Teslin and
Gladys Lake Depression and via these channels from the Yukon Plateau west of

the Cassiar Mountains,

There is also evidence in McKee Creek and in the high-elevation tundra plateaux
of the Atlin region that a more intensive glaciation deposited an extensive
earlier till(s), Research is proceeding on this significant aspect of what we
believe to represent an early Wisconsinan glaciation, The complex nature of
the regional glaclation is also recorded in a series of glacial moraines and
fluvial and lacustrine terraces at high elevation in the Tagish, Atlin and
Teslin Lakes area, as well as by the sequence of interlor cirques noted in
Table XllI.

In the Atlin Lake region the final diminishment and retreat of Wisconslinan
lce are documented by massive embankment moraines and pro-glacial valley-mouth
deltas In the northern part of the main valley, as well as by swarms of esker
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complexes in highland tributary valleys to the northeast (v. p. 91a). Carbon 14 dates
reveal that Ice remained on high plateau areas probabiy as recently as 8,000

years B.P. and that even the lower {evel Ice did not melt away much prior to
10,000 years B.P.

Terrain Features of the Holocene

Our palynological and periglacial research provides an interpretation of Holocene
glaclo-climatic events in the Boundary Range. Aspects of the past 10,000 years
have been discussed with respect to the Alaskan coast. in the interior, an array
of relict palsas (hydrolaccoliths) in the Fourth of luiy Creek Valley provide
especially useful Information. Some of these are redeveloping In the present
cooling *rend (Miiler, 1973a3; Taliman, 1975). (Again v. p. 9la of *this report.)

Key questions to ask are when did the Holocene begin and did i+ actually end at

the beginning of Neoglacial time? The palynological records reported in Miller

and Anderson (1974a)indicate that for the Neoglaclal in the Boundary Range climatic
cooling was well under way by about 2,500 years B.P. This Is suggested also by

a C-14 date from post-Glaclal bogs In the Surprise Lake area (Geochron, 1974;
Tallman, 1975), where significant climatic change appears to have begun about

2,770 C-14 years B.P, Evidence from the Mendenhall Glacier area, previously des-
cribed, suggests that 2000-2200 years B.P. ice was overriding forest beds In
coastal valleys. If we assume a 200 to 500-year builldup of glaciers in the

Coast Range following the Thermal Maximum, a date of about 3,000 years B.P. is

reasonable as the effective start of Neoglacial time In this sector of the North
Paclfic Cordillera.

A two-phased nature of the Neoglacial is suggested by the warm interval that
produced a retraction about |,100 to 700 years B.P. or from A.D. 900 to 1300
(Tallman, 1975; Egan, 1971). The best evidences are the C-14 dates on over-
ridden trees In the Taku Glacler and Davidson Glacier areas (Miller, 1973a). Thus,
the Alaskan Little ice Age is assumed to have begun following this warm Interval...

i.e., approximately in the 1300's...a suggestion corroborated by the dendrocrhonology
dates obtained on the Bucher Glacier moraines.

As for the early Holocene, samples of basal peat from palsa bogs In the Upper
Fourth of July Creek Valley give several C-14 dates around 9,700 + 540 years

B.P., (Geochron, 1972), These peats represent the initiation of organic growth
following deglaciation. This conclusion Is further corroborated by the 10,000
vears B,P. minimum date of ice recession from the lower end of Atlin Lake. Added
to this is a C-14 date of 7812 + 120 years B.P, for the basal peat horizon im-
mediately above the younger diamicyon till in the Gastineau Formation near Juneau
(University of Alaska, Radiocarbon Lab., 1975), as well as a range of 9,000 to
11,000 years B.P. on peat and logs from the base of muskeg in the Lemon Creek and
Montana Creek valleys near Lynn Canal (Heusser, 1960; Miller, 1975b).

Further testifying to the initiaiion of the Holocene right after the final retreat
of late-Wisconsinan glaciers from the Atlin region is the truncation of inter-
medliate elevation [ateral moraines produced by Atlin Valley ice along the 3,000-
foot contour of Atlin Mountain. Here rock glacliers from abandoned cirques aft
5,000 to 6,000 feet have flowed down to truncate these moralnes, proving that
these periglacial features are less than 8,000 years old.A similar situation per-

tains in the rock glacier valley on the Cathedral Mountain Massif (Fig. 8b).

PRSP POV ¥ S
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In view of all this, the Holocene climetic trends show a rather continuous

: warming from about 9,500 years B.P. to about 6,000 years B.P. This led up to

: the Therma! Maximum interval when mean annual temperatures in the interlor regicn
reached some 2°F (3°C) warmer than present. During this warm interval, the most
Iintensive of periglacial processes also migrated to higher elevations and the
much retracted Juneau and Stikine lcefields received a new input of accumulation
on thelr crestal ndvds, as did the cirques at the elevation of levels 5 and 6,
Today these cirques are some 700 feet higher than the lowermost clirque at
present filled with ice in the interior Atlin region. They are also an equi-
valent elevation above today's permafrost seep level in these interior

; mountains.

Neoglaclation amdThe Alaskan Little lce Age

Near the end of the Thermal Maximum, the Arctlic Front (defined in Miller, 1956,
1973) heid a mean position some distance west of the innor reaches of the Inside
Passage in the Alaskan Panhandle. Then wetter cond!tions and increased storminess
! prevailed on the continental flank of the Boundary Range.

The Thermal "aximum was followed by a significant cooling trend as the Arctic
Front again moved well inland. This was coincident with decreased storminess
and drier conditions with general cooling on the continental flank of the Range.
Concurrently on the coast, relatively cooler and wetter condlitions dominated
and led to increased glaciation In maritime sectors of the icefield highland.
The nature of these out-of-phase climatic trends has been documented and ex-~
plained by tiller and Anderson in recent publications (1974a, 1974b),

ST TR T T

i It Is now apparent that the time interval from about 3,000 to 900 years B.P. was
] as much as 4° F (2°C) cooler than today. This was an interval of intense :
3 glacial activity in the high center of the Boundary Range, and also It represented .
intense periglacial activity in the area of palsas and sporadic permafrost at
the 3,000-3,50C ¢20t level in the Aflin region. Then came a short and warmer
interstadial persisting until about the end of the 13th century (Miller, Egan
and Beschel, 1968). Since the 14th century the Boundary Range and Its peri-
pheral sectors have experienced relatively cooler and wetter conditions com-
pared to the short preceding warm interval in the Middle Ages.
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PART X1 WISCONSINAN AND HOLOCENE CHRONOLOGY FOR THE NGRTHERN BOUNDARY RANGE*

The array of glacial and glacio-fluvial landforms investigated in this large re-
gion at the northern end of the Pleistocene Cordilleran Ice Sheet permits a general
chronology for the Quaternary Period to be deveioped. Although some interpre-
tations are provisional, the chronology Is tabulated in Table XV (Tallman, 1975;
Miller and Tallman, 1975). |+ should be considered as a basis for future reference
and a spur to further research, especially since In this region only evidence for
Wisconsinan glaciation is certaln.

‘On the teleconnectional assumption that major glacial phases represent major
changes In global climate, the chronology and terminologies developed for *ha
Taku and Atlin regions are, In order cf sequence, compared with chronologles sug-
gested by other workers in the adjoining regions of Alaska, Yukon and British
Columbia (Karlstrom, 1964; Péwé ot al, 1965; Péwd, 1975; Denton and Stuiver,
1967; Bostock, 1966; Hughes et al, 1969; Rutter, 1975), Comparison is also
made with other key sectors of the northern tier of states that have been
affected by similar rigors of climatic change and major changes of glacier posi-
tion during the Pleistocene Epoch (Madole, Mahaney and Fahey, 1975; Easterbrook,
1963, 1975; Crandell, 1965; Flint, 1971; Terrasmae and Drelmanis, 1975; Black,
1975; Frye and Williman, 1973),

A. THE WISCONSINAN

Although the evidences cited are mainly morpho-erosional and morpho-stratigraphic,
they are abetted by cri“ical time-stratigraphic and soil-stratigraphic Informa-
t+ion. In the Taku District, the Wisconsinan Age is sub-divided into four glaclo-
climatic stages (sub-stages). These are an Early Juneau/Atlin Stage i:arly or
pre-classical Wisconsinan) whicn was represented by a Greater Mountain lce-sheet

type of glaciation followed by a distinct and relatively cool intraglacial interval.

Then the rebirth of glaciation reached the levels of a subsequent Greater Mourn-
tain lce-sheet phase, finally culminating in the Gastineau/Sloko Stage, that lasted
from perhaps 40,000 to 14,000 years B.P. Following this was a short intragiacial
and then the Douglas/Inklin and Saimon Creek/Zohini Stages. With respect to

each event, place names are cited referencing diagnostic features and type strati-
graphlic units (Milier, 1975a).

The latter two glacial events were represented by intermediate and Lesser Mountain
lce-sheet phases cf glaciation and on the basis of sequence should be equiva-
lents of the Port Huron and Valders glacliations of the mid-continent chronology.
In the Boundary Range, the Salmon Creek/Zohini Stage has at least three dis-
tinguishable pulsations termed the_King Salmon, Tulsequah, and Sittakanay_sub-
stages. After this came t' 2 high-cirque glaciation (C-4 to C-5 levels) at the
beginning of the Holocene, with pulsations probably comparable to those of the
Little lce Age during the past few centurises.

In the Atlin regfon +-=r¢ are strong correlates of this Taku District chronology.
Although a similar s. . .ce pertains, there are some differences that require
explanation. Here too, a pre-classical Wisconsinan (early Wisconsinan) stage

is recognized, with evidence that its thermophysical character was probably
Polar (Miller, 1975b; 1975c). Called a Pre-Atiin | Glaciation by Taliman (1975)

* Prepared in cooperation with Dr. Ann M, Tallman, Dept. of Geology, Smith

College, Northampton, Mass.
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end an Early Juneau/Atlin Stage by Milier, the tiuctuational character is unknown,
though presumably |t had many glacial and intraglacial stages. Following the early
Wisconsinan glaciation, the Boulder Creek Intraglacial is Identifled. This is based
on the well-del ineated peat horlizon In Boulder Creek dated as "older than 40,000
yoars B.P. " (University of Alaska, 1973) and by the presence of old weathered till
at high elevations,

After this developed the Atlin | Stage, involving thick Polar to sub-Polar ice, laying
down bold lateral moraines at high level and with the lowest till overiying the
Boulder Creek peat. Strong weathering on this tiil connotes a significent intragla-
cial, termed the Pine Creek Intraglacial, because of good exposures found in the gold
creeks, such as Pine Creek near the 1898 gold discovery claim at Atlin., As shown

in Table XV, there is a correlate of this middle Wisconsinan glaciation In the Teslin-
Gladys Lake depression. This Is termed the Giadys | Stage by Taliman,

Following the Atiin 1/Gladys | Glaciation was the Atlin ll/Glagzs Il Glaclation of
late-middie Wisconsinan age and considered to be of sub-Folar to sub-Temperate thermo-

physical character on the basis of less steep lateral moraines In the terminal sector
ot Fourth of July Creek Valley. Thls glaciation Is probably a correlate of the
Gastineau/Sioko Stage In the Taku District. The sbsence of an intra-gliacial In the
Gastlineau/Sloko Glacliation Is expiained by the high elevation and provenance of ice
in 2 more maritime region where climatic conditions caused rising freezing levels and
hence more |lkely Increased glaciation in some sectors of the coastal highland.

A signiticant "climatic amelioration" (intraglacial ?) is Indicated by a miid surface
weathering of tllis following the Atiin 11/Gladys Il Glaciation. This is believed to
be the same miid weathering Interface found on top of the lower till of the Gastineau
Formation on the coast. Correlates of t+he Douglas/inkiin and Salmon Creek/Zohini
Stages In the Taku District are suggested to be respectively the Atiin ||l Substage
and the combined Atlin IV and V Substages. Correspondingly the Douglas/Inklin corre-
iate would be the Gladys II1 Substage and the Salmon Creek/Zohinl correlate is sug-
gested as the Gladys fVigbbstggp. i1 are considered to be late-Wisconsinan as noted
in the chronology chart.

B. THE HOLOCENE

The final time interval depicted on the chronology chart Is the Holocene (Table XV).
Here the Thermal Maximum !s equally well-documented on both the maritime and contli-
nental flanks of the Boundary Range. The gggglaclal Saag in the Taku District Is
two-phased, with the eariy phass (2500-10 .P.) termed the Eariy Mendenhal! Stade
(or substage ?) and the latest perlod of intensive mountaln and cirque glaciation
representing the Alaskan Little Ice Age Stade (or substage), ca. 600 years B.P.

to present. The short, warm Interval of the Middie Ages (90C to 1300 A.D.),so

wel l-documented by C~-14 samples from modern tills of the Mendenhall and Davidson
Glaclers and from the sole of the advancing Taku Glacier, Is termed the Taku
Interstadial.

It Is of glacio~-climatological significance that the maximum morphogenetic phases
of glaciation represented at the beginning of the Holocene and at the end of the
Holocene (l.e., throughout the Little Ice Age) were Extended Icefield Glaciations.*
Retracted Iceftield Glaciations pertained during intervais of negative mass balance

when low and Intermediate elevation glaciers of the Stikine and Juneau lcefields
took on the morphologic forms and associated terrain characteristics that we
see represented by existing glaciers in these regions today (v. Figs. 5, 7 and 78).

* v, Miller (1964b) for definitions of the morphogenetic phases o: glaciation.
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% PART X11 REGIONAL CONSIDERATIONS AND THE LANDFORM DICTUM
! A. TECTONIC AND CLIMATOLOGICAL ELEMENTS

i This research has emphasized the role of processes in the dynamic evolution

of mountaln and glacia! terrains. In turn this highlights the aspect of a

gigantic open system with combined exogenetic and endogenetic energy inputs

that are at once pericdic and aperiodic. These are characterized by short-

term increases In entropy of considerable magnitude and striking effect.

What most dlstinguishes the region is its doubly critical position in a uniquely
sensitive atmospheric Interaction zone and in a tectonic interaction zone

o] characterized by constant jostling of the North Pacific Oceanic plate by

the Northwestern American continental plate. The result has been an inten-

sive and contlnuous bombardment of cyclonlc storm fronts, not equalled on

earth, coupled with acutely active earthquake and mountaln tuilding stresses.

The combination of high i1and, proximity to the sea, and turbulent maritime

weather for up to 10 months each year has produced terrain of extreme re-

Ifef and glaclation more extensive than anywhere outside of the Polar regions,

Added to thls Is the unique sensitivity of the area to secular pulsations

In climatic change.

These considerations pertain to the whole of the south and southeastern Alaska

P region and the adjoining Cordilleran areas of B.C. and the Yukon. The Juneau

! Icefleld lies slightly east of the main zone of present day earthquake dias-

trophism, but Is climatologically in the same regional zone. Thus, the

P presently glaclated area represents the fifth largest continuous icefield

E : In North America, Because of its location near Alaska's capital at Juneau

o and the Yukon's capl!ta! at Whitehorse, this icefield Is the most accessible
for research of any in the world. This is why it has been the focusof the

l many previous studles documented in the references.

l 8., IMPLICATIONS OF GEOMORPHIC SELF-REGULATION

The coastal locatios: coupled with the high relief of this region and the
_ presence of high, widge-strathed valleys and plateaux, provide circumstances
: most propltious to the development of an icefield complex of some 32 inter-

connected glaclers and source ndvés, Because of the maritimity on the ice-
; fleld's seaward flank, excessive summertime melting of ice and runoff occurs.
This has led to abundant and fast-flowing streams through the coastal moun-
tains and produced great erosion and deposition of clastics. Similarly, the
wet climate and steep relief have accelerated weathering of large areas of
exposed bedrock. Thus the lithologic and structural controls on topography
are readlly Ildentified, as the landscape strives for dynamic equilibrium
through Intricate fluctuations ot imposed energy...i.e., the self-reguiation
of Its various sub-systems in the competing endogenetic and exogenetic en-
vironment,

An example of this dynamic self-reguiation and what it produces Is given by our
studies of the processes of glacier flow through successive energy levels, as
represented by (1) parabolic and (2) rectilinear (plug) and the catastrophic
type known as (3) surging flow. The implication of these changes on mountain
and arctic terrains as illustrating fundamuntal thermodynamic principles has i
been considered in depth by Miller (1973%)using the entropy and general systems ‘
ideas developed during the period of this ARO contract.
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Longer-range exampies of geomorphic self-regulation snd its analysis with
respect to the Juneau lcefield and adjoining regions have been gliven In

previous studies by members of our Institute team: Miller (1963); Brew (1963);
Swanston (1967) and Egan (1971), Even the orlentations of cirques, berms and
main glaclal valleys relate directly to the orientation of regional faults and
to Individual Joint sets In & four-fold system (Miller, 1956; Goodwin, 1973;
Watkins, 1974; Seppala, 1975; Jones, 1975). To illustrate this the mor-
phology of a prototyplicai hanging valiey on the periphery of the Juneau icefield

Is analyzed. The fleld work In this research was accompiished In the 1971 and
1972 summar perlods of thls contract.

C. THE PTARMIGAN VALLEY, A PROTOTYPE OF ROCK JOINTING AND (TS INFLUENCE
ON TOPOGRAPHY *

Twenhofel and Sainsbury (1958) suggested fault control for most of the main
Ilnear valleys and ridges in this region. Miller (1963) specifically allled
these to jolInt control, especially the steepest sets of joints. Similiarly,
Brew et al (1963) excluded from thelr analyses joints dipping less than 35°
because of their small effect on orientation of major geomorphic features.
Egan (1971) studied the joint patterns In the Ptarmigan valley near Camp

17 (Flg. 2) and related the topography directly to them. Included in these
studies has been recognition of the strong effect of high-angle normal faulting
(with associated smali-magnltude graben and horst structures) on the develop-
ment of topographic varlations, such as gulleys and steps on the bordering
ridges. Seppala (1975) has Investigated the three-dimensional Influence of
joint sets in the Ptarmigan valley, detalls of which are synopsized below.

Our statistical analyses of joints have been accomplished with data obtained
by readings with Brunton compasses. folliation, which is allied to schistosity
in the metamorphic rocks, has also been measured. Al| measurements have been
plotted on stereographic nets and then transferred Into contour diagrams

The bedrock of this valley relates to Coast Range geology (Buddington, 1927;
Miller, i960)., It includes marbles, lIime slilicates, meta-volcanics (am-
phibolites) and migmatitic schists with Intrusive pegmatites and granodiorite
zones (Forbes, 1959; Ford and Brew, 1973)., The strike of schistosity in these
rocks Is NW, with a mean dip of 40° NE, ranging from 8%°to 70°,Detalls of orien-
tation of the four-set joint system at selected sites are given by Seppala
(1975). In broad outiine, the pattern is simlijar to that found elsewhere

on the lcetieid (Miller, 1963; Watkins, 1974), suggesting a basic relation-
ship to regional tectonic stresses during the Cenozolc orogeny of the Alaska-
Canada Coast Range. Here *he two main sets strike roughiy at right angles.

One is northwesterly with 45-60° dips to the east; another is northeasterly

with 64-90°dips to the northeast. The third set is usually vertical or

even paralie! to the first order set, but it dips 40° to the NE. In the
analysis, the fourth set Is ignored as it is essentially horizontal, The two main
Joint sets form a well-developed cross joint network which faclilitates and
controls the movement and impounding of free water and hence of frost weathering.

* This sectlon prepared In cooperation with Dr. Matti Seppala, Department
of Geography, University of Turku, Finland, of our 197! fileld team.
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Micro-rellef Forms and the Valloy's Assymetry

ﬁ In cross-section the Ptarmigan valley is assymetric, with a steep west-facing
% slope (70°) and gentler east-facing slope (35°). A similar configuration Is
found In the upper (glacier filied) Lemon Creek Glacler valley (Figs. 8a and 75).

Micro-rellef features show the effect of smail taeuit« and differing Iithologles,

with weathered out blocks reflecting all four Jolnt o * . ~. 'n such
Intermediate and high elevations In tnis intensely me .~ .0x 5 =u, 'rminant
‘ weathering is chemical breakdown, strongly abetted by - .v sha: i .
{ above 3000 feet the environment is periglaclai. in i -iiocene and Fii -

! ; much pre-glacial fluvial erosion and down-dip mass wu: iage of weathered ma.z !
: helped to Initiate the assymetry of the vallay. Pleistccene and Holocens
giaciers have overdeepenad the valley iand periodically removed material iwass~

b wasted from the valley walls, But, i l¢ the bedrock structure that has exerted
the primary control,

o It Is significant that the strike of the first order joint @t almost parallels
- the axial direction of the valley. As f.liallon also parallels the pre~

- dominant set, this has provided a stronyg controi on the valley'- oriantation.
The steepness (nearly 90°) of the second and third order joints has bean

the main element in’luencing the shape of the valley.

Formattion of the Ptarmigar valley and of the adjacent Lemon Glacier and
Canyon Creelkk valleys to the east and west has been assymetric becauss the

predominant joint set dips at an angle which Is dlagonal to the flow direction
of the glacier (Fig. 75).

e oy r——————

A Conceptual Mode! .

. e —— —

Seppala has examined the :ormation of such valleys theoreticaliy, with simple i
model:; of different possiblie joint sets and of their to be expected influence
on valley form. Fur example, If the surface of a predomiinant ioint set is
found to conform to one siope of a valley, where a second and weaker set dips
90° to the predominant one it is logical that valley assymetry will develop
whenever the dip of the first-order set lies close to 0°, 45° or 90° (see 4,
B and C in fig. 76 ). Such geometries produce optimum conditions for forming
a regular (symmetric) U-form glacial valley. In other cases (see D and E, 1

% Fig. 76), a valley should have a more or less assymetric cross-section., |If i
i the joints are not perpendiculer, of course, a more complex morphology will i
i result.

From the flow law of ice It can be demonstrated that the paraboilc characteris-
tic of mos* glacier flow curves (in low and intermediate entropy ranges) when
turned on their sldes do reveal U-form cross-sections. As this reprasents the
trwnature ¢ the energy d.stribution, I+ will {ead to U-form valley profiles.
Because ice Is a medium which Is visco-plastic (if thermophysically Temperate)
or elasto-pla=tic (1 thermaliy Polar), It follows the topography In such a
way that maxlaum -Jusive power s ¢.rected to the bottom of the glacial
valley, There i1 wiil capltallze cn any zones of structural or lithologic
weakness, As the Ptarmigan Glacler tresects a variety of rock types of
variable re..stances, it follows that duminzat contro! on the development of
the valley iorm - 15 been bedrock structure. The !nfluence of ilthology Is
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mostly In the micro-relief terrain features of the upper flanks and ridge
crests between the glacial valleys. These concepts are verified in most other
valley and rlidge areas of the Juneau lcefleld and i+s peripheral Taku and
Atlin Districts (e.g., Fig. 78).

D. REGIONAL DISEQUILIBRIUM AND THE MOST PROBABLE STATE

In the foregoing, the princlple of dynamic equillbrium in landform and

terrain analysis applies. But the effects of pre-existing controls (structural
and |!thologic) end up dominating the terrain evolution. As such controls
Impose constraints...l.e., lend themselves to asymmetry in the Ptarmigan Glacler
valley...that pa:{lcular landform can only be looked upon as striving for the
most probable stais (Leopofd and Langbein, 1962). In a few other valleys in
this region where there is more |ithclogic homogeneity and where similarily
orientated joint sets exist on elther valley wall, more symmetrical U-form
valley shapes oczur. As in the ultimate symmetry produced by the Law of
Divides, such cases have reached dynamic equi!ibrium and hence represent a
steady state. In this region of such varied rock types and vast differences

in relief, such Is seldom seen,

Cons]der[ng the variety and magnitude of relief on the lcefield (FIQS. 5,7,78) and the
relatively short time-span which encompasses the Plelstocene (ca. 3.9 x 106
years), we can only conclude thd the intensity of the glacial, glacio-fluvial,
mass wastage and periglacial processes which have so much been the focus of

wur attention In this report, has been so great that the entropic eavolution

of the terraln features described has been exceedingly rapid. This has only
been achleved with a considerable amount of crustal and atmospheric instablilty.
Thias the rapidity of erosion has been directly a consequence of the unique
comtination of exogenetic and endoyenetic factors described. As !ong as

these kinds and rates of energy input intc the terrain system remain high,

this northwestern coastal region will remain in dynamic disequilibrium, quite

In contrast to the dynamic equilibrium of low relief regicns in the mid-
continent sectors of North America.
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Fig. 4 Sateilite visual from NOAA-4 on 23 April 1975 at 12:53 p.m. Altitude 1500 Km. View shows
southeast Alaska Coast on right with storm front associated with North Pacific low in center
covering southwest Alaska and the Bering Sea. Note locations of Anchorage, Yakutat and Juneau.
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c. Hygrothermograph trace for 2 August 1971.

Fig. 6 Selected Meteorclogical Charts, Camp 26.




Fig. 7

View west across terminus of Llewellyn Glacier, between Camp 26 and Liewellyn Inlet showing part of icefield
periphery under study in Atlin sector. (B. C. Government photo, August 30. 1949)
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b.

Lemon & Ptarmigan Glaciers near Juneau - view southeast on August 13, 1948. Part of Thomas Glacier in left .
foreground (photo M. M. Miller) '

Coliseum and Cathedral Glaciers near Atlin — view southwest on July 14, 1975. Torres Rock Glacier in hanging
valley on left (photo M. M. Miller)

Fig. 8 Prototype coastal and inland cirque - headed Glacicr systems showing research camp locations.
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—m———ye 500 mb height lines
showing dlirection of tropospheric flow

(atter 0'Connor,1963)

Fig. 10 Relationship of Upper Troposphere Prcssure Patterns

to Precipitation
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1972 GLACIER CAVE BETWEEN LAKE LINDA AND LYNN FALLS

ALONG HEADWALL MORAINE OF THE LEMON GLACIER, ALASKA, USA.
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AN ENGLACIAL RESERVOIR SYSTEM CROSS SECTION
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F1G.28a - PRECIPITATION FROM MRI AT CAMP 17, LEMON GLACIER
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CON CF PRECIPITATION AT PTARMIGAN GLACIER CAMPS
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M
<
a. Band S (lower red imagery) ... with glacier areas distinetly black. Eagle. Herbert. Mendenhall and Lemon
Glacier tongues visible in left and bottom center.

b. Band 7 (near-IR imagery) . .. showing brizhtness reversal in glacier terminal areas. Norris, Taku and Twin
Glaciers visible on right in Taku Inlet sector. Gastineau Channel is straight fiord in lower left center.

Fig. 45 ZRTS multi-spectral imagery of southwestern portion of Juneau Icefield. Alaska, on August 11, 1972,
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FIG-49 FIRN PIT PROFILE AT CATHEDRAL
,GLACIER TEST PIT SITE, 5850 Fr.(1770m)
Seplember 7, 1972.
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a. Supraglacial stream system highlighted by specular reflection of setting sun. Large arrow is direction of glacier
flow. Small arrow at moulin into which streams flow.

el

b. Medial moraines and wave-bulge features showing transecting radial crevasse pattern. Circled areas represent
sites of detailed study. Scale indicated by human Jigures appearing as small dots in rectangle H.

Fig. 55 Junction area of Vaughan Lewis Glacier (left) and Gilkey Glacier (right)
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APPEIIDIX C
RELATIVE MEAN SUNStOT NUMBERS (Rz)

As supplied by Swiss Federal Observatory, Zurich, Switzerland,
Published in Monthly Weather Review, Vol. 30 et seq.;
and also from World Data Center lor Solar-Terrestrial

Physics, NOAA®* -

Year Mean (Rz Year Mean (Rz Year Mean (R2)
W7E§"'12K§'£"l 66.6 183% 8.5

LT T T T T e
ce e e -
@]
]
—_—

1750 83.4 1792 60.0 1834 13,2

1751 47.7 1793 46,9 1835 56.9

1752 47.8 1794 41,0 1836  121.5

: 1753 30,7 1795 21.3 1837 138.3

! 1754 12,2 1796, 16.0 1838 103.2

i 1755, 9.6 1797 6.4 1839 85.8

! 1756 10.2 1798 4.1 1840 63.2
\i 175 32.4 1799 6.8 1841 36,8
o 1758 47.6 1800 14,5 1842 24,2
N 1759 54.0 1801 34,0 1843 10.7
o 1760 62.9 1802 45,0 1844 15.0
- 1761 85.9 1803% 43,1 1845 40,1
» 1762 61.2 1804 47,5 1846 61.5
| 1763 45,1 1805 42,2 1847 98.5
f 1764 26 .4 1806 28.1 1848 124.3
; 1765 20.9 1807 10.1 1849 95.9
b 1766 11.4 1808 8.1 1850 6645
L 1767 37.8 1809 2.5 1851 64,5
1768 69.8 1810 0.0 1852 54,2

‘ 1769  106.1 1811 1.4 1853 39,0
1770  100.8 1812 5.0 1854 20.6

! 1771 81.6 181% 12.2 1855 6.7
= 1772 66.5 1814 13.9 1856 4,3
= 1773 4.8 1815 35.4 1857 22.8
- 1774 20.6 1816 45,8 1858 54,8
b 1775 7.0 1817 41.1 1859  93.8
3 1776 19.8 1818 20,4 1360 95,7
» 1777 92.5 1819 23.9 1861 7742
; 1778 1544 1820 15.7 1862 59,1

! 1779 125.9 1821 5.6 1863 44,0
| 1780  84.8 1822 4,0 1864  49.0
| 1781 68.1 1823 1.8 1865 20,5
; 1782 38,5 1824 8.5 1866 16.3
1783 22.8 1825 16.6 1867 7.3

1784 10.2 1826 36.3 1868 37,32

1785 24,1 1827 49,7 1869 7%.9

1786 82.9 1828 62.5 1870 139,1

1787  132.0 1829 67.0 1871 111.2

1788 130.9 1830 71.0 1872  101.7

1789 118.1 1831 47.8 1873 66.3

1790 89.9 1832 27.5 1874 44,

* World Data Center for Solar-Terrestrial Physics’
Environmental Data Service, NOAA
Boulder, Colorado, USA 80302 (313) 499-.1000 Ext. 6467




C-2
Year Mean (Rz) Yzar Mean (Rz) Year Mean (Rz)
1875  17.1 1916 55.4 1957  189.8
1876 1.3 1917 103.9 1958 184.6
1877 12.3 1918 80.6 1959 158.7
1878 3.4 1919 63.6 1960 112.3
1879 6.0 1920 38,7 1951 53.9
1880 32.3 1921 24,7 1962 37.6
1881 S54.3% 1922 14,7 1963 27.9
1882 59.7 1023 5.8 1964 10.2
1883 63,7 1924 16.7 1965 15.1
1884 63.5 1925 44,3 1966 46,9 i
1885 52.2 1926 63.9 1967 93,7
1886 25.4 1927 69.0 1968 105.9
1887 131 1928 77.8 1969 105.6
1888 6.8 1929 65.0 1970 104.,2
1889 6.3 1930 35.7 1971 66.6
1890 7.1 1931 21.2 1972 68.9
1891 35.6 19322 11.1 1973 38.
qggg gz.g 1833 g.g 1974 32.5
. 1934 . 1975 18.3(proj.
1894 78.0 1935 26.1 3tprof.)
1895 64.0 1936 79.7
1896 41.8 1937  114,4
1897 26,2 1938 109.6
1898 26.7 1939 88.8
1899 12.1 1940 67.8
1900 9.5 1941 47.5
1901 2.7 1942 30.6
1902 5.0 1943 16.3
1903 4.4 1944 9.6
1904 42,0 1945 33,1
1905 63.5 1946 92.5
1906 5%.8 1947  151,5
1907 62,0 1948 136,2
1908 48,5 1949 135.1
1909 43,9 1950 83,7
1910 18.6 1951 69.4
1911 5.7 1952 31.4
1912 3.6 1953 13.8
1913 1.4 1954 4.4
1915 47.4 1956  141,7
i
|
b
P RPAS




&
t
|
|
i

D-1
APPENDIX D

STREAM GAGING METHODS USED IN THE JUNEAU ICEFIELD RESEARCH

Curing the course of the glacio-hydrological investigations carried out on the
Juneau lcefield between 1951 and 1975, including the three years of this ARQO
grant, standard stream gaging methods have been empioyed. These are based on
U.S. Geological Survey procedures outliined in the following special repoits:
U.S. Geological Survey (1968) Water resources investlgations of the U.S.
Geological Survey. Book Ill. Applications of Hydraulics, Ch. A-6, General
procedures for gaging streams, by Carter, R.W, and Davidian, J. Also, Ch. A-7,
Gtage measurements at gaging staticrs, by Tucharar, T.J, and Somers, W.P.

3riefly, the methods and equipment used in the ARO studles on Lemon Creek,

Ptarmigan Creek (Camp |, Trail Cabin, via Camps 17 and |7A) and on Cathedral
(E1ixir) Creek near Camp 29 were as follows.

Stream discharge is the volume rate of water flow and inclydes sediments In sus-
pension or dissolved In it. The discharge Is given In ft3/sez. The current

meter method o measuring discharge was used at all three sites. The formula Q = (av)
represents the products of the partial areas of the stream cross-section and Its

average velocities. (Note the following graph denoting the midsection method
of computing cross-sectional areas.) In this:

(J) is total discharge
(a) is a partial cross-sectional area
(v) is the corresponding mean velocity

The area, considered to be made up of a sum of rectanaulr sections, axtends from
nalf the hcrizontal distance from the previous observatior point to half the
distance to the next, and from the surface of the stream ro the depth sounded.

In order 1o obtain the mean vertical distribution of velocity, velocities are
sampied at each observation point with a standarc <u-rert meter., In this study

a Type AA vertical axis Price Meter was used. (¥hare small stream flow is
measured, as in Cathedral Creek at low water times, a Pygmy type was employed.)
The following equation is used to calculate the partial discharge:

ax =V, L (b = blx=1) , (b{x + 1) = bx) ] dx
-2 2

V. L b(x + |)2- blx - '):ldx

in this,
q, = discharge through partial section x
Vix = mean velocity at location x
bx = dlstance from initial point to location x
b(x-1) = distance from initial point to preceding locatlion
b{x+l) = distance from initlal point to next location
dx = depth of water at location x

The current meter, by earphone connection, allows one to count the number of re-
volutions of the rotor during a given period of time. From the number of
revolutions and time, the velocity of ¢|ow Is found. Freque cy is measured by
electrical impulses produced in a contact chamber and giving audible clicks In
the headphone. The time intervals are recorded by stopwatch.

<8<




in the Ptarmigan and Cathedral Creek gaging, a top-setting wadlng rod was

used for sounding. The rod was carefully placed in the stream 30 that the base
plate was stastle on the stream bed. The depth was read on he graduated main
rod and the veiocity measured with a Price meter attached to the rod.

S

Making the discharge measurements at a cross-sectlion requires a mean velocity In
each selected vertical, but the current meter determines velocity at a point. The
method used on the Lemon Creek was the two-polint method. Observations were made
in each vertical sounding at points 0.2 and 0.8 of the total distance to the

bed from the surface. By averaging this, +he mean velocity was determined.

; This method was used with depths of 2.5 feet or ~ore. When the depth was between
0.3 and 2.5 feet (as in Ptarmigan and Cathedral Creeks), a second method was

: invoked which made observations of veloclity at 0.6 of the total depth below the
surface. Thls was considered to be the mean velocity.

established datum plane. Measurements of this level are essential to determina-
tions of stream discharge. The method used to sense the water leve! or stage was
a float in a stilling well, Inside of a weather protection shelter. Intake pipes
I connected the stream to the gage. The Lemon Creek slte had a stilling well

| placed dlrect!y In the stream. 1In the Ptarmigan and Cathedral Creek surveys,

: the wel| was placed under the bank of the stream. All three stii!ling wells were
’ covered to provide adequate protection to the float and prevent the direct In-
|
!

|
} The stage of a stream is defined as the height of the water surface above an
3
|

fluence of winds on variations In water level.

The instruments used were Stevens A water-stage recorders, with conftinuous strip-
charts providing a quite satisfactory stage record. For the scale on the graphlc
record, a |:6 gage height scale and a time scale of one day equal'!ing 2.4 inches
were chosen. To insure accuracy, comparative readings were taken on the inside
and the outside gages at each site visit. This also helped to detect any mal-
functions of the recording system.

M

A discharge rating curve defines discharge as a function of stage, slope, rate of
change cf stage, or other variables. The Lemon Creek discharge ratings consisted
of simple relations between stage and discharge. Several discharge measurements
, are essentlial to define the changing relationship. |f the control changes, a

| new discharge rating Is needed. All three creeks surveyed are vulnerable to
changes in stream channel due to the Influence of ice, deposition, erosion and
general changes In bed roughness, thus requiring repeated gaging several times
each season.

The data are plotted on logarithmic paper. From a graphical examination of the curve,
plotted as a stralght line, *he stage-discharge relations of each creek were found.
Included In this appendix, as an example, is the lLemon Creek Discharge rating
curve{after Guigné, 1974).%

* Guigné, Jacques Yves (1974) Hydrological Studies on the Lemon, Ptarmigan
and Cathedral Glacier Systems, 1974. Open File Report, Juneau lceflield
Research Program, 1974 season.
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| APPENDI X F
i FREE \...-TER CONTENT MEASURING PROCEDURES ON THE JUNEAU ICEFIELD

A. Description of Measuring Principle

i Free water content of snow ond firn means the ratio or proportion of l|iquid

' water in wet snow or firn when the snow or lce temperature is below 0°C (32°F),
Unless we are dealing with super-cooled zones in sea-ice or a glacier there ts no
liquid water present,

P The mass of wet srow (Ms) is comparised of both water macs (Mw) and ice mass
(M{), so the ratio of free water content (FWC) In wet snow must be represented
as a percentage., Thus:

FWC = Mw x 100 (%) (9

Ms

D The percentage of free water content in wet snow can be obtained by non-
1 calorimetric as well as calorimetric methods. The non-calorimetric method used
on the Juneau Icefleld "esearch Program has been described by Miller (1954),

| The calorimetric method as used on the 1972 Juneau Icefield Research Program was
carried out as follows. The calorimeter is stuwn in Figure

The procedures are as follows: Put hot water at temperature T, (mass is W) In
the contalner [09-A* and wet snow (Ms) in the container 109-B, which are covered
with a thermal insulator. Then both containers are connected and the wet snow

(firn) is mixed with hot water and melted into water at temperature T2. The :
following equation pertains: i
(W + WA) T=1LMi + (Ms + wb) T2 (2) iﬂ

Here W, and Wb are constants depending on the calorimeter and on the water
d equivalent heat capacity. The factor T is Tl = T2 and L is the latent heat of
fusion ur of ice crystallization (79.6 calories per gram).

If we measure the values of W, Tl, T2 and Ms, we can get the mass of ice (Mi)
in the wet snow (firn) from equation (2).

In the other hand, wet snow or firn (Ms, is:
Ms = Mi + Mw (3)
So equation (1) and (3) gives

FWC = ( 1 - Mi ) x 100 (%) (4)

P

Ms

Institute of Low Temperature Science, University of Hokkaidn, caiorimeter,
as used on the Juneau icefield Research Program, 1971-75

<33<
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Measurement Procedures

(1) Prepare hot water, between 55° and 60° C, in a pot on the stove.
(2) Pour the hot water Into a plastic pot.
(3) Fil} the blue bottle with the hot water, between 53° and 58° C,

(4) Insert proper thermometer into the blue bottle, until the rubber is reached.
In this process, if a little hot water is spilt out by inserting the thermometer,
this can be ignored. Next, measure the hot water temperature, so you can get the
mass of hot water from Table | (at end of this appendix), One must be careful
not to squeeze the blue bottle because this wi'l precliude getting the correct
volume of hot water,

(5) Transter the hot water into the contza .sr 109-A with care,
(6) Leave the cortainer, 109-A, covered with a thermal insulator,

(7) Collect wet snow (or firn) of 100-120 grams and put into the contalner, [09-
It is recommended that between 210 and 230 grams be collected, including the
selght of 109-8B., This should be done quickly and carefully. Wear thick gloves,
for the snow or firn will e melted by warm hands. The container must be cooled
to 0°C. (Put the container, 109-B, into wet snow in advance.)

@

(8) Measure the weight of wet snow (firn) with the dead-weight of the contalner
(without stopper),

(9) Shake 109-A to agitate the hot water and then read the initial temperature
of the hot water,

(10) Connect 10y-2 and 109-B and then mix the hot water with the wet snow (firn).
(11) Shake very well.

(12) Read the final temperature of container 109-A.

(13) After reading the final temperature with the thermometer in the container,
109-A, the water in the container should be thrown away and the small amount of
#sater left in the container should be sucked out by a dropper. This readies the
calorimeter tor its next use.

254+




FREE WATER CONTENT CALCULATION CHART
Measurement Number |Remarks |
Survey Point Weather Wind Direction Container Number

Date

Air Temperature

Wind Velocity

Surveyor's Name

Hot water
temp. in the
biue bottie

{See Table |)

Mass of
hot water

KNOWN WATER
EQUIVALENT
HEAT CAPACITY
OF CONTAINER
log-A

°C 'rl

l_é_f'

16.8¢g

C:,p

WATER EGUIVALENT
HEAT CAPACITY
OF CONTAINER
109-A anp
HOT WATER

Meat loss of 109-A

Heot gain of 109-B

Known latent
heat of fusion

CONTAINER 109-A

™

) CONTAINER 109-8——

Weight of
Tz ° wet snow g

ond 109-8 | |

rgvpggngnz

CORRECTION | — — =1 Known

FOR THERMO-

METER IN l °C| weight of 3.1 g

CONTAINER

109-A (SEE (- - — 109-B

TABLE 2) ~ e
Weight of
wet snow

KNOWN WATER
EQUIVALENT

HEAT CAPACITY
OF CONTAINER
109-8

WATER EQUIVALENT
HEAY CAPACITY
OF CONTAINER

109-8 AND WET
SNOW

Mass of ice

in the wet snow

Rotio of ice
in the wet snow

Percentage of
free waoter in
wet snow




CALORIMETER COLVERSION
QALIE I

Demperature (°¢)

i i = o = e e nam

e ——

Ly
47,
49
48
49
50
51

52

hass (&)

251.1
251.0
250.9
250.8
250.6
250.5
250, 4
250.3
250,2
250.1
250.0
242.9
249,.8
2u9.,7
249,6
249, 4
249.3
49,2
249,1
49,0
245,¢

Temperature correction for
Calorimeter thermometer in
the container 109-.

T1 and T2 correction
value
10-31 S¢ - 0.4 °¢
31-41 0.3
4448 0.2
48-50 0.3

-3

4¢ Initial temperature of
hot water in the con-
tainer 109-4

Th: TFinal temperature of

©  water in the contain~

er 109-A

dater equivalent heat capacity

of 109-4 is 15.8 gram.

eirht of container 109-B
(dead weipht) is 113.1 gram,

llater equivalent heat capazity

of container 109-B is 10, 3
gran,

C e s At et
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APPENDIX G

STRATIGRAPHIC 1ROFILES at SITES 10B, ted, 9J, & 8B

iite 10T (elev, 3500 fset) 17h30m 11 Aug., 1972
Juneau lcefield (Feasvred by G. .skahama, Y. “ndo £ 1. MNisghio)
Snow rsrain I'ardness - Tree water content
depth Aensity size depth kr/rm depth %
{ems) (s/cn?) (er) (em)
{ surface C.57 C.d 0 3.1 0-10 18,4
l ThaZ? .57 C.d
; to-t”. 0,55 c
i T1=C .58 C &1 %aC 75--80 7e3
! 117 =121 YA C M5 2.7
; 141-150 C,°% C 141 5.7
205-210  (CL58 C-d 155-170 7.4
270-25% G, 9 c-d 275 2.9 225-23%0 4,9
, 250=255 C.05 d
| ~C0-705 0.75 C-d 290 23 285200 567
} 205-701  C.75 C-d
' 7250=255 (0,2 C-d 745 4.4 30H=710 1.9
| 300-395  C.o0 C-d %00 3.8 350-370 9.7
I R25-430 Q.04 C~-a uo5 14,0 430-440 L 7
P Qa4 0,70 C=4 440 5.6 495-.495 4.5 i
L NI7N5D 0,77 C=d
! Lir Temperature snow/firn Temporgtv*e d
- 4ahzat +2.9% surlace Cc-C
: PO St 205 e 0
= ) 1= 47,5 ZAE
15 ¢ 400 0 ‘
l (’\O O(" ‘I:\.F 4(\[:) O
: site C=15 junction (elevation 4100 feet)  21h30m-23h
i Juneau Jeelinld 11 Aup., 1972
l sSNow rrain Fardness 4 Free water content
: deptlh density nize depth Vo /emt depth i
{(cns) (g/cmd) (cms) (cms)
surfrce 0.52 Cod 0] 0.1 10-2C EF
H0=50 ¢.59 c.d 50 %o 50-"70 5.8
20-C" 0.58 C.a 130-140 4,7 ;
135540 G005 C.d 13586 s 1
153-178 ,70 C.d 17 0.8 200-210 6otk ;
100-105 C.70 Cod 1o 1.1 250-270 5.7 :
ST0=T75 0 C.T9 C.c cer 3.1 2312-%20 G.2
Adr Terpernture
~hee! +0.,8%
22 00 +1.0
237<
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3ite half mile south of C~9 junction 12h - 14h
E 12 Aug, ,1972 Juneau Icefield (elevation 4900 feet)
| grain Hardness , Free water content
; depth denagty size depth Rg/cm depth %
t (cns) g/cm (cms) (cmas)
!
surface 0,56 d 0 1.1 0-10 15.0
70=75 0.64 C 70 5.0 15-20 7.4
‘ 140145 0.64 C 140 10,0 70-80 7.4
i 230-235 0.73% c 220 2.1 215-23%0 13.6
? 250-255 0.G6 C 250 4,1 260-265 9.4
; 210«315 0.82 C 295 0.8 320-325 9.2
340-345 0.74 C-4 340 2.4 250-2360 10.0
780385 0.63% C-d 380 4,2
425-430 0,64 c-d 425 15,0  465-475 3.8
455-450 0,66 c-4
l Air Temperature
, 12820™ +2.8%
i 1% OC +2,.8
I
8
b
by ,
Site C3/C18 Jiunction 1Gh10m=-18h 12 Aug., 1972
Junecau Icefield (elevation 5850 feet)
¥ grain Hordness 5 kree water content ‘
depth denajty size depth kg/cnm depth o
(cmg) g/cn (cms) (cms)
l
{ surface 0.53 C=-Q 0 .28 10 1.3
| 70-75 0.71 C-d 70 1.5 H0=55 11.56
130=135 0.64 Cc-d 130 0.6 140-150 9.7
195-200 0,59 C-4a 200 4.6 180-190 5.4
245=-250 0,62 c-a 245 8.4 250-2G0 4,8
¥ 290-285  0.68 c-d 200 3.5 295-305 10.5 »
250~355 0.59 C-d 350 7.4  320-330 8.7
280-385 0.5~ d 380 3.2 385-395 5.3
10-415 0.62 d 410 0.5  445-455 6.9 ;
430-435 0.81 C 4Lu0 1.G ]
400-495 0.78 C 490 .23 480-490 12.0 ]
Air Temperature Co
18830" +4,0°¢ ;
17 40 +4.3 _
258< i




