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Prootisplece. OQutlet from Seward Ise FPield where
‘ Seward Glacier draine to the great
¥zlaspina Glasier. Photograph by

Professoy Robert P. Sharp.

'Mount Logan (19,850 feet), second
highest peak in North America. ‘
Photograph by Professor Robert P. Sharp.
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Certulin phenocuwens of the Seward Ice Field and the
Mnlaspine Gleclier ss observed in the summer of 1948 are
imt@rprataﬁ ﬁn'tha iight of gluoclologlie literature,

Iﬁféranceﬁ on glacler regimen are drewn from acoumiy-
lation a&ﬁ ablation measurements. The elfloacy of the
sblation fsetors is discussed and ansloglies are deduced by
comparing ablation and meteorological data with those ¢ol-
leoted by Seandinevian glaciologists on the VatnajSkull,
leceland, The meteorologioal feotors play an overwhelmingly
important pert in ablation on the Malaspina Glaoler and
prabably retain thelr advantage over raﬁiation at a higher
al&vétion on the Seward Ice Field,

Distinctions are made %&ﬂwwﬁm indirect, internal, net
end grwaa ablation, ‘The formation of a glaoier water table
and the inocldence and ﬁi&mipﬁ%i&ﬁ of the winter cold wave
on the Seward are discussed,

Two eantrastiﬁ@‘tyyea of differential melt-depressions
were noted on the Zewsnrd, inelined underwater ice wells and
vertieal wells not underwator, »Frevious theories of ice-
well formatlion are eritically analyasag The deepening of
the iae walla beyond the ﬁ@pth at whioh the depression is
shaded from the sun is belleved to be produced by diffuse
radiation, with refleoted direot radiation playing & minor

role., Zxperiments with artificial ice blocks atbtest to the



importance of vertical gravity settling of debris in ice
wells and fail to sooount for the inelination of the
underwater ice wells,

Melt-water movement studies were undertaken during
e period in July and August. The quantities of melt~
water perdolating through the firn were measured at
verious ﬂépthﬁ and are gompared @b the ablation regord,
thw'ﬁ@tamralagiaai record, and to the time of day in this
peper, There is little aarralati@n'between the aaily
melt-water record and the ﬁ&ily>aanﬁhine and ablation
records, Alr temperature is the most significent index
of melt-water production, However, the average maximum
temperature wes reaghed between 1l and 12 4.M., and the
average hourly maximum melt-water colleoted was recorded
between § and 6 Fﬁﬁ* The faot that the upper firn 4
layers produced less water than deeper firn layers is
evidently due to the greater capillary Tlow and less con-

centration of melt-water in the upper firn,



INTRODUCTION

introductory Statement

During the past 50 yenrs the science of glaclol-
ogy hes advaneed, not only 28 a raﬁulﬁ of polar ez~
yaﬁitimﬁs; but through the aﬁuﬁy of lowex iahituﬁe’
glaai@ra.' Recognizing the a&ian&iﬁie value of Alaskan
gluciologie iav&atigmtimnﬁ,*@hajﬁéatia Institute of
Horth imerica ocommenced = f3§e-yaarIQXp&ﬁitimnal Dro-
grem the summer of 1948 on the unexplored Seward loe

Field end the Malaspine Glaclier,

and Soope of the Work

The program of work was erosedingly comprehensive, butb
the first summer's results were only preliminery, This

thesls summarizes the work done during the first sum-

merts iﬁvaatigatiana with the exception of twb ru&immntﬁry
phases, glesler movement standles and bedrock geology.

It is based partly on inexhaustive observations and

partly on consideratione of iee fields and gleselers slse-
where as desoribed in the litersture, Although the in- .
adequacy of data is felt, it is hoped that the combined
study of the observed data and of the modern concepts

and informetion on glascier phenomena elsewhere will be

iliumiﬂating and wiil contribute %o further studies,



locatlon znd Size of the .sres

The Sewsrd loe Pield is a b%ﬂad.aauwmmlatiﬁn
pogln of at lesst 600 square miles locsted for the most
purt in the Yukon territory of Osnada st M, Latitude
60923 and W, lougitude 139958', It appears flat-
lying from the sir, but ranges in alév&ti@m from ap-
proximately 5500 feet to 6100 feet., A rugeed subglacisl
Lopography is envisaged [ron the meny projecting
munataks. The imposing ice-elad mountains of the §t,
Eliaz Range completely surround thé loe field execept
for & ool to the west and e drainage~way to the south,
The Soward Ice Field drains southward to the pledmont
“alaspina Glseler of ilasks by way of the Seward Glacler
which loses almost 5000 feet elevation in 1ts 15 mile
deseent. Consequently, the lower sector of the Sewsrd
Glegier is %m_fuil.wf wide and deep orevassss a8 Lo be
pragtically impassabls,

It is in the Seward lobe ﬁn&ﬁ the Malaspina Glacler
oxtends farthest from the mountains, reaching the beael
at Sikagi Bluffs, but not &aiving fceborge, The sur-
Tuee of the Yaluspina is a vest expsnse of olean ilce
with arsas of asblsation morsine araﬁ#ﬁ the periphery and

with einuous medial moraines Eetweén glagier liobes,



Personnel

Nineteen men partieipated in the expedition acti-
vities which wore organized and ably led by Walter i,
Wood, Director of the New York office of the Arectie
Institute. Professor Robert P. Sharp of the Californin
Institute of Technolosy headed the glaclologlie group
gomposed of Caelifornia Institute of Tﬁuhuoiogy greduate
students George P, Rigsby, Bernard O, Steenson znd the
&ﬂﬁhﬂr} and 'aynard U, ¥iller of Columbia University.
John ¥. Ross of Pennsylvanies University was the expedi-
tion meteorologist, Other members of the expeditien |
inelnﬁaﬁ representatives of the Canadian Kesearch Couneil,
the Harvard Mountaineering Club, and offielals of the
arotie Institute,

8ix days were spent on the makﬁspiné periphery near
Sitkagl Bluffe from Juiyvﬁ to July 9. On July 10 the
glaciologie party was £lown to the Seward Ice Fleld
where studies were made untll August 29, Five cemps were
established on the Seward lee Fleld during the summer as
a bagis for field work, The main base station was lo-
seted on a mnatek and will be referred to hereafter es
thﬁ!ﬁﬁnﬁtak Station, Two and e half miles west neaxr the
landing sres used by the ski;glanﬁ wus the Alratrip

Stetlon, Two other ststions, tLtetions 3, and 4, were



situsted nesr the porthern bedroek rim of the ice field,
The L£ir'sh canp wes & mlle northesst of the fumatak

Ltotion, but is not referred to in this peper.

@b@axVaﬁgeas'

Heteoroliogleal

mailf neteorologival observations were necessary
1o suyyl&m@mﬁ the glaciologic wﬁrk. - UuS. Weather
Bureau equipment c¢onslisting of thermometers, a sling
psychrometer, a barometer, end en anemometer were em~
ployed at the iunatak Stetion (elevation 6020e feet)
from duly 4 to A&gugt #® . LEaeh night the weather data
was radioed to the Yakutaet Weather Btaﬁiaﬁ,_agpraximatély
60 miles distant. 4t the Alrstrip Station (elevation
5720% feet) meximum snd minimum temperatures were re-
gorded from July 4 %o jugust 29 and a daytime hourly

temperature record wos kept Cfrom July 12 to August 3.
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GLACIER REGIMER

The two faetors which are the most important in
the life of a glacler and comprise its regimen are
acoumulation end ablation. Seligman inoludes wingd
erosion aﬁd Ahlmenn ineludes c¢alving and wind corra-
sion as faotors in eblation in addition to melting
and evaporation., Only the latter two processes are
recognized as ablation by most Ameriecen glaaiwlagimtm
and this usuage will be feiiaﬁaﬁ here, Rendu (1841,
PPe 43-44) and ﬁé&&ai% {1840, p. 22) were the Tirst to
diviée‘gaaaiars into two parts, the glaciers' reser-
voirs, or mers de glace (EZnglish aaaumalatian ar@a)
end the gleaciers’ 4' ecoulement or g;aaiera* propyem
- dits {%ngiiah ablation area}, The boundary where

agoumulation equals ablation Agassiz (1862, p.45)
nemed the neve line (or firn line in German),

By direct measurement of annual scoumulation and
ablation in the acoumulation area and the ablation
area it 1s possible to determine the glacler's regimen,
The greater the net ﬁ?@ﬁﬁﬁlﬁ%iaﬁ, morphologle faotors
being equal, the more aotive is a glacier., {(Ahlmann,
1933, pp. é90~g@1;. The Seward Ice Field ig of suoh

megnitude that it rescts much slower than a small



glacier to ohanges in its regimen. Although one

summer's observations on the Seward loe Field were
 insdequate to deduce regimen results, the observed
date are herein recorded, These date ere discussed
in the liqht of modern eoncepts and 1nfarma$iaa on

glesiologic phenomena, and inferences are drawn.



In this paper acoumulation refers not to the
#01id precipitation which has fallen or ﬁaa beon de-
posited im a partioular spot, but tc the precipltation
which hﬁﬁj&@#ﬂﬁﬁi&%ﬂﬁ in that spot, Although there
was little wind on the Seward during the summer, wind
drifﬁiag-may be e prominent factor in the winter,

Aeocumulation ineludes not only precipitation in
the form of snow, but rime, hoar frost, and rauhfrost,
whiech is the intermediate state, QSalismmngllﬂﬁa,

‘p. 49). The importence of arien deposits to the
alimentation of the SBeward lce Field is unknown; only
one coourrence wes noted during the summer, Rime was
deposited the night of July 15tk during freezing tem-
peratures when a fog blaﬁkm%aﬂ the ice rielﬁf

Anpual aocumulation is usually expressed in terms

of its water aqn&valéat which is the produot of the
thickness and density, Total anmual aaaﬁmulatian

oan be determined by digging or ecoring in early spring
down to the previous summer's ablation level or to

the surface of the preceding year's snow and by
measuring the vertical section to gain the acoumula-

. tive water equivelent, This 6alﬁuiateﬁ amount of solid

~ precipitation is usually approximate, because of the

no}ﬂw



ablation intervels following times of preeipitation
and the wide range of suow densities averaged,
Therefore measurements generally luvolve a net acoumu-
lation a#ar'ahlatien;»wa&ﬂaaé agoumulation thug has
the seme effect a8 inersased ablation. If consplou-
aﬁa dirty horizons are present and can be ldentiried
- @8 annual dirt bands, the annusl layers will yield
the net scoeumulation. By staining the surface arti-
fiolally with a substsnce insoluble in water, the net
acoumulation oan be messured in a aﬁama&ﬁiag year,
Eight pits were dug in the firn of the Seward Ice
Pield and attempts mede to study net acoumulation for
the year 1046-47, Near the Alrstrip Stetion where
thak# 18 no marked relief, plth revealed dirty horizons
85 om, apart with densities renging from 0,47 ln the
dirty horizons to 0.69 just adove the lower dirty bend,
If these two prominent dirty horizons are annual dirty
bands, the net soocumulation for 194647 was 44745 om,
of water, Towards the nawwkﬁwm rim of the Ice Fleld
at Station 3 another pit dug on a 19 30' slope xnﬁiw
gated a greater net acoumnlation for 1946447 of 93,6«
95,5 om. The net accumulation at both stations for
1946-47 compares favorably with that for 1947-48; -

on August 23 when ablation smﬁﬁa to have ocome t0 an
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end fmr the season, the excess of acsumulation over
ablation for 1947-48 was 58,5-60 om. at the Alrstrip
Station and 8284 om, at Station 3, Presumedbly s
combination of more snow-drifting and less ablation
ageounted for this greater accumulastion at Stetion 3,
Unlike the Airstrip Station which ls protected from
gorthern winds by the higher mounteins, the northern
rim is relatively unprotected, and as a result cold
northern winds were experienced there even during the
summer. |

Another pit dug on the top of & hill neer the
north rim (Station 4) revealed one dirty band almost
at the surfsce and ancther 180 om. below, or at s
depth equal %o the thickness of the 1946-47 annual
layer at 8%tetion 3, If the ﬁ@g@g@a@hia locality of
Station 4 socounts for the latk of accumulation for
1@%?«&&,‘&£ does not aeanuﬂ%ifwr the largs reduction
in aaaﬁmnlatiua after 1946-47.

The asoumulation data for the three stations are

summarized on the following page.

TR



“No. Depth of Thiokness Hangs T Agoumul,  E8t, Acoum,

of Ho.Dirt of  of 1946-47 in 1947-48

- Pi%s. Band Annual Density Average Om, in om,

Station Dug Aug, 26 Layer . , Used  Vater Water

No. 1 3 113 om, 85 om, .47-,859 ,52-.58 44-45 58,5-80

ﬁ&g % 1 1@3 an, m {571 S ? ;53*;5& g%yﬁ‘gﬁgﬁ Eﬂ*@i
No, 4 1 042 om. 180 om, ? B3«,55 935,5-95,5

Three pits were also dug in the smell valley
glacler pear the Nunmatak 5&@&&@% on a’alapa of 359,
Although a 10 foot depth was»rmawhuﬁ, only one dirty
band 70 om. below the surface was encountered, At the
¢lose of the summer this dirty horizon could be traced

from the surface of the snow near the Nunetak down the

- 8lope towards the center of the small glagier, as shown
in the sketeh below,

Center of
glacier

*—.

Dirty band

Scales 1 inech = 100-150 yarda
Vertleal scale exaggerated.

FIGURE l.=Transverse proille near Nunatak Station.

- 1B «



Similar profiles of dirty bands were probably true
of otheér slopes affected by the reflection and conduo-
tion of radiation from nearby bedroeck., On sush slopes
there 1s no excess acoumuletion except on lee sides or
other spots where drifting hus ocourred, As a working
hypothesis it 1s suggested that the dirty bend im the
gsketeh on page 12 hes been exposed surficlslly year

) \ R
after year ss a result of the summer's aﬁl&tia&; Thus
for the latter part of several summers as the dirty
layer besomes Egiakar and absorbs more heat begause of
its darkening aaimr, it m&lﬁawﬁﬁwmwarﬁyby indirect ab-
lation, and the dirty horizon becomes more pronounced
after each summer,

The following faots support this hypothesis:

1., The dirty band 4is very prominent (up to
¢ om, in thickness) nesr the Hunatak,
but it is much less so elsewhere where
there is a surplus eocumulation for
1849-48, | .

2. Inpit Fo, 1 10 feet deep, no dirty dand
was enoountered below the dirty horizon

3, An Le¢e band up %o 11.5 em. in thickness
and lying 91.5 om, below the dirty band
oould not in all probability have formed
in two years,

¢, Patohes of last year's suow, where left,
are very white eompared with the surfece

» 13 =



Fore the dirty horison must be ihe Fesait

- of several years of m&lt Memlazwm
- Bef ore these prel mimry figma for mﬁu&l
agcumulation em the mrﬁ x:u mem ean be a«mpfeaa
as authentie, proof that the thy bands uncovered at
tm@iww;w Station do not pepresent mere than one
%Ea-%fs‘,mu season is needed. These ;am'ﬁgww are to
be checked in 1949, and the dirty bands will M‘ come
jx;mwm with the dirty surfaees m;m with :&ﬁgw oxide
and lead oxide at the end of the 1048 summer,



Burface

Surface ablation 1s measured by noting at recorded
intervals the lowering of the snow or lece surface rela-
ﬁivaﬁte &’aﬁaﬁianary vertical gauge, or to an index ice
or dirt ban& in the wells of a pit., Measurement upward
from an &nd#x band is less acourate because these bands
thicken and thin in space and time, Consequently,
gauges or stakes sre preferred, and two intricate able-
tographs have been introdused,l+®

Ablatographs are presision instruments, whieh not
only reduce the human error in stake measurement, but
permit sccurate hourly determimations of ablation and
the continuous recording of the lowering of tha snow
surfacse, Continuous packing of the snow adds a compli-~
cating faoctor, which ia reduced if %h# supports of the

ahlaﬁagrﬁyh are driven deep enough into the firn, or

if graduated stakes are read and reset daily, Inasmuch
as simple graduated stekes were used to éuaaara ablation
in the preliminary investigutions on the Sewarde
Malaspina in 1948, the advantages and the dissdvantages
of the method will be &isauﬁsa& to the exeluaiaﬁ of the
ablatographic method ,

1, Ahlmenn deseribes the ablatograph designed by Dr. O,
Devik in the Geografiska Anmaler, vol. 17, pp. 43-46
end vol, 24, pp. 3-8,

e, Rudolf Von Huene of the Galifornia Imstitute of Tech-
n91§§y designed e new ablatograph whioh will be tested
in Alaska in 1949,



The type of stake is importent. Obviously,
wooden stakes are h&%&nr &h&n‘ﬁata; ones, begause the
former are poorer conductors. The stakes should be
white in order to refliect insolation, They should be
1ight to avold sinking in the firn by their own welght,
yot sturdy enough to remsin secure during the sbletion
i{nterval, The depth of burial of the stakes depends in
part upon the entieipated ablation rate and ablation
- interval. ,

Above the firn line, stakes can usually be driven
into the firng below the firn line an auger drill must
prepsare the hole in the lce. Stakes set in the Tirn |
should be reinserted in a new bole alter every regular
observation.

In summery the measurement of sblation with gradu-
ated atakes ls subjeot to the f@i&&wigg types of srra?:

I. Errors inberent in the ablation stake,

1. Sinking into the firn due to the welight
- of the stake,

2, Melting into the firn due to the heat ab-
sorption of the stake.

3, Melting of cuplike depressions eround the
stakes inereases the error of measurement.,

i1, Errors resulting from local environmental
factors, _ _

1. There is greater ablation where more sur-
face arsa is exposed, ‘

- 16 =



111

v,

a, At ice falls where the glaclier is
orevassed and separated by narrow
ridges.

b. At runnels and other surfaoce irregu-
larities, '

2, There is greater ablation nesr bedrock
- outerops.

S, There is generally grester ablation on a
slope then on a level,

Errors inherent in the firn properties,

1. Sinking of the staeke due %to the settling
of the anow,

2, Irregular and unequal ablation rates due to
the varieble selbedo of the snow surfaoce.

a, Dirty bands and pockets, and loe bands
ablated to the surface,

Fuman errors in measurement.

‘1, Projecting the level of the snow surface

to the graduated steke upon reading end
resetting. ~

2, Extending the intervaels of measurement 80
thet no record of the eblation of snow
falling between chbservations is sdded to
the gross sblastion, The net ablation, or
regimen balenee, will not be affected,
however.
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4 %g the Surface 4sblation on the
- Ceward-Maslaspinag

- Only one ablation stake was set on the Malaspina

periphery, because of feilure of the star drill, This
$~foot 5aindh maple dowel was plsced in s hole 8 feet
6 inohes deep, 2 miles inland at the outer edge of debris-
free ice on July 6., On July 8, 44 hours following the
setting of dowel, the glacier surface had been lowered
-ﬁﬁkiﬂﬁhﬂﬁ, or at a rate of almost 3% inches per day,
Ablation messurements én the Seward loe Fleld
began on July 18, Meter sticks were read and reset
daily in the firn, The 24<hour ablation interval from
7 P, to 7 P.K., corresponded to the meteorologioal day.
The arithmetioael mean of three meter stick readings was
used when it was ﬁigﬁmvéraﬁ that snow surface irregu-
larities oould cause amomalous sblation measurements of .
one meter stick. It was necessary to project the level
of the Iirn surfage to the meter Qﬁiak seale, becsuse
of the auplikw'ﬁapraazienﬁ that formed around the stiek, .
This introdused an error rsaging from g freaction of =
miliimeter to 2 millimeters, as estimated by Sherp.
Daily abletion mensurements Wﬁré made from July
12 to August 3 et the Airaﬁriy‘ﬂhatian, and were re-
aﬁﬁﬁé at the ﬁﬁa&tak‘statiaﬁ for the period iugust 5

. to August 13, Otekes which served as gauges for

- 18 -



ablation and as stations for ﬁnﬁarﬁiai&g glasier move-
ment were placed in a semi-cirele around the Nunatek
Station on July 85. The average ablation for 2 of
these sta&mﬁ was 405mm. on August 23, A total abluﬂian
apyramima»ﬁaﬁ mf 675mm,, or an approximate average of
16mm, a day, is arrived at for the period July 12 to
August 23, the date ablation was Impeded. Figure 2
shows a reconstructed section of the firn eblated from
July 12 to August 3,
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FIGURE Z.~Beconstructed section of firn ablated
from July 12 to August 3. (Black
“bands are lce bands; detes are those
when the ice bands were ablated.)



Computed water equivalents of ablation values
are more acsurate then somputed water equivalents of
acoumulation values., No snow flekes in their original
feathery hexagonal form remained pn the Seward Ice Fleld
et the time of our investigetions, The ableted firn
'h&a a density of close to 0.50, as contrasted to the
wide range of lower densitles in newly fallen snﬁw,
Thus diurnal sblation figures should be halved to ob-
tain thelr weter values, However, the water eguivalent
- of the ﬁéﬁal ablation figura»wiil be less ﬁhaa half,
for of the 678mm, ablated, at least 300um, was newly
Tfallen snow, |

Rates of ablation, although dependent lergely on
the meteorologiecal faotors, ere sometimes greatly af-
feoted by the varying density of the glaeler surface,
ﬂiaragarﬁiﬁg the meteorologionl factors, the lower the
density the more repid is the ablation, Small feathery
flakes of snow are naturally melted more eesily thean
denser and rounder firp erystaels. Daily ablation ex-
tremes, ranging from G to 14Bmu,, resulted from melt~
ing following infrequent falls of snow on the Seward
during July.

New snow not only melts rapldly; it settles

rapidly, Therefore, measured ablation of new snow

wﬁl«



ineludes an unknown amount of settling between readings.
If refreezing of melt-water is preeluded in the interim
of settliing, end if densities of the snow before and

%wunﬁ of settling can be

after settling ere known, the @
¢aloulated,

Inssmuch as the ablation measuremente st the
Runatak Station were made on slopes st en altitude
300+ feet abava the generzl ice field 1&#@1, they are
grmhably not as trustworthy a8 the mﬁaaayﬁmwnta made
at the lower flat-lying Alrstrip Station., The abla-
tion record at thﬁlﬁir#ﬁ?i@ Station has the additional
advantage of proximate hourly melt-water and metesr-

logieal records,
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Figure 3 compares esblation with the temperature
and sunshine record for July 12 to August 3 at the
Alrstrip Statian,‘ Meximun diurnal tamparat&re values
are substituted for mean diurnal temperature values
because they render & more scourate correlation with
ablation velues. The fieteorological record (Appendix
4) shows that days having higher meximum temperstures
also hed lower minimum temperatures, This gave an
sbnormally low meen temperature for an unusually hot
day when eblatien was extreme. The use af maximus
temperature has one particulsar dissdventege. In in-
¢lement weather the tempwrﬁﬁuvaw sometines remained
above freezing during the night, resulting in continued
nogturnal ablation, Ipn Figure B this happened to
some extent on Jaly 19, 23, 24, and 31.

Although air'tamyara@ﬁra is probably the mcst
_iﬁ@artant factor influencing ablation, no one meteor~
ologieal factor osn be used to prediot the ablation
every day, For exsmple, on July 28, 29, snd 31 the
melting of a newly fallen snow inoreased the recorded
ablation,

The cheracter of the firn surfece nay also com-
plicate the éblaaiﬂn»metaara&agy sorrelation, If a

811ty horizon 1s exposed at the surface, ablation
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proceeds at a faster rate than usual, A newly ex-
posed ice band has the same effect to & lesaser extent,
The large ablation figure of 38.1 mm, on July 15 may
partly reflect the surface exposure of & one-lach-
thick lce band,

Theoretically the firn line is the highest level
at which the winter's snow eover on a glacier's sur-
face is entirely adblated. GCenerally it is not a
sharply marked boundary line, but a zone in whieh
gones of snow-bare snd spow-oovered firn aslternate,
Sueh sn ares extended up the Seward into the ige field
by the end of summer, so that the terms ablation and
scoumulation ereams beocasme inapplicable, This irregu-
lar retreat of the firn line seems to be true of the
majority of S5t, Blias Hang

e glaciers.” Hot only are
the areas near bedrock guterops relieved of the paat
winter's snow, but areas removed from the influence
of these outcrops are barégd.and these coalesce as the

summer progresses.

3. MWeynard ®, M¥ller, oral communiesation, 1048
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Ablation Factors

Ablation takes place by melting or eveporation,
or by both of these processes, Melting results chief-
ly from the latemt heat of condensation, heat
eaﬂvaatianrﬁwnﬁmaﬁian, faéi&%im&, and warm rain,
Evaporation tnkes place ss sublimation, the latent
heat of sublimetion bdeing equal to the sum of the
latent heat of fusion and th# latent heat of wvaporiza-

tion or 680 calories,

Ev&gérati@n,xgggﬁg Condensation

gir which is in contact with ths snow h&a a tem-
perature of 32%r,, and s water vapor content corres-
ponding to ssturation at the given vopor pressure, If
the alr asbove the suow surface is warm and wet, the
water vapor content lnereases wagi&1§rwith inoreassing
distence from the surface (to & limit), and alr which
is saturated with #ag@r some distence from the surface
beo

mes supersaturated when eddy-c¢onducted towards the
surface, Here the water vepor condenses and liberates
heat, However, if the dew-peint of the air above the
gnow surfece is less than 329F,, the vapor content of
this alir will be less than at the anow surface, and
evapéraﬁian instead of condensation will cecour, thus

- oooling instead of hesting the snow, Sverdrup (1933,
p. 150) observed an interesting difference between the



eharscter of the firn surface depending on whether
eondensetlon or evaporation takes pladce, Xn‘tka former
case the surfroe becomes granular, but when evapora-
tion takes place the surfave attains a "leafy structure©,

Evaporation and oondensation are almost lineer
funetions of wind velogcity and tempercture (Wilson,
iﬁ&l, p. 186}, vut evaporation Iincreases ﬁith‘deer@asm
ing bumidity and condensation decreases, If the dew-
point of the air 1s.1éaﬁ than 389 7., and more heat
than necessary for @vagmrabibn ig supplied to the snow
surfuce, melting will be coneomitant with evaporation,
Figure 4 (Light, 1941, p, 199) shows melting us a
function of relative humiéiﬁy and tam@aratura for a
“unit wind veloeity, but does not comsider radistion
effects, The boundary between evaporation and conden-
sation is represented by a red line, It is noteworthy
that any temperature below 328° ¥, gives an evaporation-
loss, ?haa evaporation becomes the sole component of
abletion during sub-freezing wesather naglaeting radia-
tion effests, Drickson {1948, p.30) implies that the
process of evaporation cannot progress without melting,
It'iﬁ evident from the graph thet alr temperstures up
to 819 F, are possible without the oecurrence of melting
if the air is suffielently &ry'ama radistion is
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insignificant, Light states that the greph neglects
the elevation factor, but that for higher elsvatlons
evaporation becomes more important and still greater
temperatures are possible without melting, However,
referring to Figure 8 it can be concluded that there
were [ew y@&iaﬁa of relatively high temperatures on
the Seward without profuse ﬁalting, Bven at times of
very low relative humidity the ablation rate inersased
ingtead of d@ﬁra&&inﬁ« {See Figurﬁ 5) A
- On account of the high’&lavéﬁieﬁ of the Ioe Field
and the large number of dew points below 329F,, it was
guspected that evaporation might be of more importance
here ﬁhan in some other areas studied, (Sverdrup,
1937, p. 197). The well-known meritime climate of
¢oastal Alaska suggests a high reletive humidity record
rather than the low relutive humidity experienced dur-~
ing early July 1948, on the glacier.

 Studles of loesal wiﬁa‘ﬁiraatiana in the meteoro-
logical record for July 4id not olarify but complicated
this anomaly. However, perusal of large scale alr-mass
movement from weather maps revesled that local winds
were not répr@a@ntativa of general air flow in this
mgmnhainaue eountry whara gol eurrente snd ealms are
common, Moreover, the direotion of alr-mass movement

~ conformed to the day-by-day relative humidity record
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without exgeption, When the main air flow was from
the northeast, as it was during the major part of
Juxy, dry ocontinmental winds produced a low relative
humidivy, These low relaetive humiditles showed 2
well-defined diurnal varistion, They built up dur-
ing the &ay; &ué largely %o @vagaraﬁian* The lowering
of relative humidity at night wes presumably related
to & ﬁﬁerﬁaau in evaporstion; for evaporation to
oaour aﬁ night additlionsl heat is reguired to offset
the heat lost through strong outgoing radiation,
Moisture-laden air/flaw from the eoast, or from a .
southwesterly direction, invariably brought e higher
relative humidity and fog, if not preecipitation; in
fagt, the prerequisite %o all precipitation was a
southwest alr flow, Alr masses moving from southwest
%o northeast brought varisble slovdiness and ususlly
falrly high humidities, It wes during these latter
ptages thsat anwﬁalwuﬁ deoreasing daytime relative
humidities were experienced., Drying the alr by con-
densing molsture on the snow surface may be an Iimport-
ant faotor here.

Thus the direction of ailr mass flow seeéms to be
a ﬁa%arminanﬁ factor of relative humidity. As long as
the alr masses move from the n@r&ﬁeaut, as they dld

during the greater part of July, low relative humidities
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and oconsiderable evaporation cen be expected, However,
sonsideraeble svaporation need not signify a&aslﬁa@ahls
&blatiﬁn by evaporation, There 1s en important dis-
tinction; while the evaporation of ice is direct ab-
lation, eveporation of mslt#water'ia second generation '
ablation, and never the messured first generation
ablation. It follows that psriods of extreme evapora-
tion, to affect ablation, must be periods of no melting,

Bxtreme evaporation was not the rule. The
average wind velooity rﬁ@@wﬁﬁﬁ'wma less than & miles
per hour, and some of the lowest numiﬁikiéﬁ were pro-
duced when wind veloeity wes at'sm minimum, The day-
time gains in relative humidity were insuffioient to
~indioate extreme &vapﬁwa&ia#&% |

In summarizing it is belisved that although
evaporation was unusually high during July, its signi-
ficance is less than would be expested from the very
low humi&iﬁy regord. Statistloally, evaporation's role
in ablaﬁi&n is vonjeoture, and will remsin se until
aﬁﬁi&i@nml_mu%taralngiaml a%ﬁ&iaa sre made,

4. ﬁrew ioren W,, Weteorologlst Krick's Laboratories,
Fanaﬁana, Californis, oral communication,
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Radjetion versus Meteorologi Factors

Although no measursments ér estimates of the
relative importance of radiation and meteorologioal
factors w@ra made, it 1s possible %o make inferences
concerning %h& dspendence of &blabian on these factors
by comparing meteorologleal gtudies made in a similar
mﬂ#itaﬂmenﬁg

'0f the few glooler regions in whioh radlation
and wm%emywlﬂgiaﬁl studies have been made, the
Vatnajdkull in Ieeland is the only ice fleld where
redlation a@ﬁﬂitians are similer. to those on the
Seward-Melespina, The smount of incoming radiation

available depends upon the altitude, latitude, &1ﬁn&i~
| ness, shielding effect of the mountalns, end the time
of the year, All of these factors sppear to be im gen-
eral agrwamémk on both ice flelds.

On pege 34 are the mesn values of total dlurnal
radiation income (direct snd diffuse) in the absenve
of olouds aseording to Kimbell (1928, pp. 395-398).
The values for the Hoffellsjdkull and HeinabergsjBkull
Gleelers of the VatnajS8kull haeve been computed by
Ahimann (1938, pp, 224-230), and the values for the
Seward-Malaspina at sea level have been graphically
iutarpalaﬁaﬁ from the tables and maya of Kimball, anﬁ
 the Smithsonian Weteorologlesl Tables (1939, p. 225).
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Dally Totals of Seolar Radiat on r
ges level in the a%seng 3

HMay June July  iugust

&@warﬁdwalﬁamiaﬁ
Lat, 609 28' N,,
Long, 1399 §3¢ W,

?&tﬁaj&kﬁli
Lat, M 25 K&y
long. 15° 30 W 720 750 896 528

794 a7 724 583

The Vatnajokull bas a a&wi&mx‘mﬁxi$EM@ olimate
10 that of south ocoestal Aluska as shown by the compari-
son of weather data in the table below, The geogrephie
location of the Vatnajokull weatber station, Holar, is
similar to %ﬁat of the Seward.dalaspina permanent
weather station, Yakutat.

Weether Data (Holer Data from Ahlmann)

Maan Temp, Mean Temp, Meen Cloud Mean Cloud . 1@3& ?rﬁwipg

I el T - s il Prreat-"Rétar
48 45 7.5 8 65 18l
51,8 - §0.4 7.8 8 as 50
53.8 88,9 8 8,6 178 29
53,0 55,2 7.5 7 120 144

Total 4385mm  404mm

The dilurnal insolation, redused for eloudiness
was caleulated by Ahlmenn on the basis of a formuls
developed by A, Angstrom (1985, pp, 125-126) and the
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values developed in the first table, The formula is
Qg = Q%o (0+25 ¢ 0,755), where Q4 is the average total
rediation in the day, Go the total radietion inocome
during & olesr day, and 5 the hours of sunshine in the
day, or the mean cloud cover in tenths subfiracted from
unity. It i& a well eatablished fact that &lwa&iﬂasﬁ
reduces the radlation less in northerly latitudes as a
result of reduced vapor content in solder northern air
masses [Olsson, 1936, pp. 108-106) To allow for this
Ahlmann uses a (k) faotor developed by Angstrom, whileh
is assumed to be #ppl&uabim to both Yakutat and Holar
weather stations, A aampﬁriﬁau of diurnal iaﬁmlatinn

reduced for cloudiness at Holar and Yakutat tallaws;

el radistion redused for o gr. gel/om?

- Holar

{from Ahlmann)
May 88 847
dJune 300 343
July 236 B89
Augnst 247 BEs

How %hm'aaﬁual amount of rediated heat received
by the gla¢lier &nésnﬁa upon the albedo, or reflecting
power of the snow., The albedo Variaé from 60-90 per-
aant_‘Wil&aﬁ, 1941, pp. 182-196) depending upon the

density, wetness, and purity of the firn surface.



That is, if the firn is dense, wel, or silty, the
albedo is raﬁ@%aﬁ ascordingly. ?xaamﬁing the albedo
to be 75 percent and the radiatlon inecome available I,
the absorbved radistion income would be (26 x I).

The effective raﬁiaﬂian; or net radiation, de-
pends upon the net effect of the absorbed and out-
going rediatlon. H. U. Sverdrup has developed e
formula (1936, p. 44 and 1938, p. 226) for the oubt~
going radiation: Reg30 (1~0,00 G}, where R is the
outgoing rediation aﬁﬂ ¢ 18 the oloud cover in tenths,
By simple mah%wa&tian of R from the sbsorbed radle-
tion, the ﬁa%‘maﬁiaﬁ$¢n available for ablation is
determined. Using en albedo of 0,80 for lce Sverdrup
caloulated the monthly number of radiated grem cel-
ories received at Holar would melt x em, of water and
aocount for y% of the total eblation,

Computed percentages of ablation due to redia-
tion and the meteorologiesl factors are shown below
for both Holar end Yakutat., For the sake of ecompari-
gon ablation values for Yakutat are assumed to equal
those at Holar, as they are effect and not directly '
gsuse. Holar results may be favorably gompared with
thaaé aalﬁniaﬁuﬁ for the Yakutat region in the teble
following.
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Computed monthiy ab
AND

ation 'eraent zes at Holsr (Sverdrup)

Total Avallsble

Rudlation Ablation Percent. Ablation Due to

{gm. oal/om®) Due to Radlation Total Radiation Meteorolog.

jonth Holar Y&imﬁ&t Holar Yakutat Holer Yaskutet Holap Yakutat Holar Yakut
ey 2480 5&6% 31 38 163 163 ig 23 81 77
ne 2580 2910 32 36 197 197 16 18 84 82
wly 2046 2480 26 31 820 220 iz 14 88 86
uwmﬁt 1208 1178 15 i5 s 175 8,5 9 21.5 91

Ovservations from neighboring weather statlons
gannot compare in acouracy with those made on the
glaciers in conneotion with the measurements of abla~-
tion, HNeverthelsss, one can safely extrapolate that
the near sea iaval portions of glaeciers in the vieinity
of Yakutal, such as the malaﬂgima; are ablated over-
whelmingly by meteorological factors except at the
first of the summer when temperatures are so low radi-
ation must play a msjor role., The assumption on pege
%6 of equal monthly surface sblation rstes, does not
alter the implicetions; for as hss been shown, at sea
level climatic factors determine the relative efficacy
of radiation and oonveetion, and these climatlic fao-
tors can be treated anllke at ﬁalér and Yakutat,
Admittedly, there is some difference in comparative
gblation rates, but this should change the relative
affacts of radistion and convection very little,

' Other factors not mentioned play a subordinste role

in radistion versus meteorologieal faetors. For
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instence, the Malaspina is known to be in a more
gtegnant condition than the HoffellsjBkull and
HeinabergsjBkull, This implies a smaller albedo
and favors radistion., However, because of its
greater area near sea-level, the Malaspine would have
8 greater total ablation, which would favor the
neteorologloal factors rather than raéiatian,"Thua
the subordinate factors atbvempt ﬁo gan¢el one another
and the net rmaulﬂamﬁyﬂan distwrd the ra&&aﬁiﬁn—
convection ratio very llttle,

it 1500 meters above sea level on the Hoffellsjokull,
Ahlmenn and Sverdrup found that ﬁhﬁ.inxiaanaﬁ af_
radiation on ablation ineressed to almost 50 percent
during the middle of summer, This was a result of the
gleerer weather, the decreasing #amgt?a%a?ﬁﬁ, anff the
greeter smount of available radiation, all offsetting
the greater albedo. |

In view of the olose agreement of radiation and
meteorologicsl pereentages on the near-sea-level por-
tions of the Hoffells j8kull and Malaspina, one might
expect that a similar snalogy oould be drawn at the
1500 meter léval on the Hoffellsjokull shd our 5,720
foot aamynﬁitu on the $$warﬁ, However, monthly
meteorological date at 1500 meters on the Hoffells-
J8%ull is apparently lasking; Ahlmenn's estimate of
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the iaflnanaa of radistion is based upon several days
observations at this altitude together with tk@'ﬁumér
weather reports.

" Anlmenn hes found thet ablstion is 30 percent
greater over ice than snow, This oconclusion was
reached af'ter work on glselers in Iceland and S¢endi-
navia, and reflects the smaller slbede of ice compared
to snow, However, there are several reasons why Seward
Ice Field at the 5,720 foot level in 1948 could not
have had an albedo 30 ﬁ&rﬂﬁﬁt~gﬁ$ﬂﬁﬁr than that of loe,
Pirst of all no new snow was added during the summer
monthe; and the density of the surface firn averaged
0.80 as compared to 0,016 for new snow apd 0,89 for
io0e, As a yesult of high temperatures and low wind
veloeity the surface firn hed sn unuanaliyﬁlaw thermal
guality, or percentsge by welght, of ice, Of gourse,
the yaaksta.ar éiiﬁy firn that were uncovered hy'ablau
tion would awﬁrea$@ tha glbedo alsc, but only the
dominant clean firn will be ¢onsidered here., Olsson,
Eriksson, and Swararuy have individually adopted an
avﬁr&ga alvedo of 64 psrcent for wet c¢lesn Pirn as

compared with 50 percent for ice, (1942, p. 41)
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Since diurnal weather and ablation data were
secured for a perlod at the Seward Alrstrip Statlon,
the ratio of radistion to ablation can be computed
and compared with Ahlmann's estimate on the Hoffells-
i,

For ﬁh@ period July 12-86 on the Sewerd the ob-~
served ablation was 288 om,, or multiplyluog this by
an approximate firn demsity of 0,50, 144 em. of water.
By using Olsson's value of a (albedo) of 64 perocent
for wet rirn the effective radlation for the same
period was caloulated from Sverdrup's formula (a-£ ~R)
to be 3,440 ga. calories/em®, This would melt 1ce to |
form 43 em, of water and account for 2% percent of
the observed sblation, ﬁmweﬁam, as Kimball's values
of radiation refer to sea level end must be increased
to apply %o this altitude, 22 pereent is in reality
e minimum value, | |

It is diffioult, though, ﬁa gonceive of rediation
eantxihﬁ%&ng almost B0 percent to ablation on the
Seward as is hypothesized on the HoffellsjSkull,

Bven at seletice when insolstion is at 1te maximunm,
it appears that the msgnitude of the aldbedo and noo-
turnel radiation will offset insolation's potenti-
ality‘ Owing to the large 9utgming radiation the

snow formed such a hard orust on clesr nights,
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sometimes when the miﬁimmm temperature was above
fraaaing, that the orust did mot entirely thaw untll
at least an hour after the sun had resched the Alr-
strip Statlon,

Eriksson (1943, pp. 39-40) noted in North East

Greenland that radiation from the snow surfece was 8o
great that the sum of radiated heat was negative,
The resulting deficlensoy was compensated for by con-
veotive heat, buﬁ olear weather instesd of bringing
greater ablation, brought less sblation than during
sloudy westher. /

Pigure 3 shows that this is not the cuse on
Seward, and that the outsoing redlstion must there-
fore naﬁ be of a magnitude to produce such a defliclency.
In faet ?1gﬁre 3 has shown & definite correlation be-
tween alr temperature and &bl&%iang

ItAia interesting to note in regard to the out-
going resdietion that on all oloudy days during this
period, Jﬁl& 12-26, the tempsrsture never dropped be-
low freeszing during the night, The blanket of elouds
raflaaﬁﬁf the outgoing radiation, thus preventling
sub-freezing temperature, Significant is the faot
that ﬁaapité the sblation during these relatively
warnm nights, the total diurnael ablation was still less
than on cleer days with clear nights, A corollary to
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this 15 that ablatlion was greater during the daytime
than at night, the greatest difference cocourring on
elear days. The only exception to this was when &
new snow fell one day, and was entirely sblated that
night, | ,

The shgaxﬁiag gffeot of the mountains introduces
a gomplioating faotor that will certsinly decresse the
available insolation on the Seward in eontrast to the
relatively flat Vatnajokull at 1400-1500 meters. It
is believed though that thla may be treated as a
minor faotor on 8o large an ioce field as the Seward,

ﬁanarél oonelualons ag %0 the roles played by
radlation end the meteorologlesl factors in ablation

gan now be drawn for 1948, Thess oconclusions should

extension of data at hand; nevertheless, they should
stimulate further work ig these dlrections, and
should serve as outer haun&&riag within ﬁ%iaﬁ ablation
fastors may eventuslly be cesleulated to actual per-
centages,

There is slso a definite spase and time relation-
ghip betwesn the relative Iimportance of radiation and
the meteorclogleal faaterg,

.~ The reletive importance of radiation inoreases

A
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from the Mal&&yina'up to the Seward Ice Fleld due,
ohiefly, to clearer weather, inoreased lmsolatlon,

" and decreasing tgmyarazurgﬁﬁ At solstice 1its con-
tribution to sblation is probably grealer than 28
peroent, but is not believed to exceed 50 percent.
The meteorological faotors are eveﬁwhelmxngly import~
ant on the Malsspins and retalm their afvantage over
radiation on the Seward JIce Field,

As the summer opens radiation may hold sn ephem-
eral edge over conveotion, because of the near-
freezing air temperatures, Insolstlon is at its
maximum st the solstloe, bﬁt the impawﬁamaa'ﬁﬁ the
meteorologioal factors deoreases the relative ef~
fiesey of insolation, end simce the temperatures
remain high while the insolation deoreases, radlation
besomes inereasingly subordinate to the meteoro~
logleal faetors. Only if the firn surface melts down
to a 4irty band while insolatlon values are still
.high, will redistion show an upswing and rival the
4m¢ta¢ralogiaal factors in sigpifiecance, In only gmell
{solated parts of the weward Ioe Yield could this

have been true in 1948,
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Rain
It haes often been asserted that rain is one of
the most important factors in ablation. {Agansiz, 1863,
pp. 781-767 and 1864, pp. H6-65) However, Ahlmann's
1nvaatigaﬁ$@na on the Styggedal Glacler in Norway
{1938, p. 284} revealed that rain inereased the abla-
tion on ice only when it fell at atmospheric Lemper-
atures above iﬁmévﬁﬁ, Even in new deep snow,
Ahlmann finds that rain is maraly abgorbed, increas-
ing the water eontent of the auow. Angstrom {1933,
Pp. 264-871} ghows that rainfall at an air temperature
below 380F, is usually mixed with asleet, Thus no ap~
preciable heat becomes available for aliation,
The
upon the te:

amount of melt resulting from rein depends

mperature and amount of precipitation, and
the temperature of the glacier surfsce. If the glacier
is isothermal a¥ B2%F,, the water melted from the

snow can be computed by the following formula: Melt

(in inches) = Rainfall in inches x (Temperature of

the rain - 389F,) /144 BTU,

. Wilson (1941, p. 185) states tﬁaﬁ a thermometer
wet bulb reading will not alffer greatly from the
temperature in a falling rainfdrmp." 1t is therefore
possible to compute the ablation resulting from

- bl -



rainfall on the Seward Ice Fleld, Despite five
periods of rain, ablation was negligible Decause wet
bulb temperatures with cne exception were slways 329F,
or below during reinfall.

Even the exveptional caese, a 0,25 ineh rainfall
at & temperature of B79F,, resulted in only .008
inohes of melt, By the same method of computation
it would take sn & inebh rainfall and & wet buldb tem-
perature of B0%F, to produce 1 inoh of melt water.

In dispersing the winter sold wave raim may
play an important part, However it is believed that
the effect of rain on sblation, though theoreticslly
a heat source, is actually of minor importance above

the firn line,
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Indirect Ablation

Many glaaial&@iats noted the effects of indirect
abletion before Fhilipp (1832, p. 480) soined the
term for the 4ifferential melting of jce in which
foreign paﬁtialas play an essentisl part., Poser
(1933-34, pp. 1-20) has oited Kryokonitablation
{dust ablation) as a better term for this melting
pra#&aa, but this term restricts the type and size of
the partieles snd is not widely aﬁmwptéﬂ. |

Indirect sblation, in contrast with direct abla-
tion, is accomplished by the econduotion of heat through
debris in contact with ice, Thin acoumulations of dark
particles absorb so much heat that the particles may
perforate the surfave of a glaeier like s sleve. Hobbs
(1982, pp. 166-167) cites an instance illustrating the
officacy and practiocal importence of ablation, During
the construvtion of the Ba?g&n Rallway esoross Norway in
1909 it was necessary to eléar great banks of mnow,
A layer of earth spread over the snow surface resulted
in as muech as six feet of indirest sblation in the
sourse of a month and saved costly hand labor.

Diractv&bla%i@nvaaﬁ indirect sblation cannot be
measured separately. Indirect ablation may be of
greater lmportance than direct ablation below the firn
line, but it is almost always less important mbove the
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firn line, The increased indirect and direct ablation
on the debris-covered and snow-bare lce below the firn
line results in more rapid thimning of the glasier then
in the region above the firn line,

| Whiléia thin cover o¢f debris may promote ablation
of %hﬁnuﬂ@kyiging tee, a thicker cover of coarse debris
mey prmméﬁﬁ ablation of the underlying ice, a thicker
gover of ﬁaﬁrsé debris may impede ablaﬁién\@f the
underlying lee. The size, color, and composition of
rock fragments largely d&tarmimaa whether they will
melt into the iee or stand out in relief, Sharp (1947,
ppe 26-62) demonstrates that sblation moraine of vary-
ing thlckuness produces irregularities and instability
but that a uniform cover serves to stebilize the exist-
ing loce topogrephy. The removal of debris from = mound
may result in e somplete inversion of relisf known as

gycle (Gilbert, 1904, pp. 198~

the crevses or ablation
208) . |

Fiélﬁ observations on the Halsspina Glacier in
1948 show that indirect ablstion is e waning faetor in
July in oomparison with direet ablation, leucooratic
cobbles were observed on July 4 to have formed re-
entrants 18-20 inches deep 1n &n ice face. On july ¢
thgs§ reentrents were from 4-6 inches deep as a result
. of direct ablation. Other experiments {Brandt, 1@33;
Pp. 84-93) serve to sorroborate that in the early
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spring when insolation is the sole factor of ablation,
indirect sblation proceeds more rapldly than direct
ablation, Direct ablation gains the upper hand in the

warm and cloudy summer months.
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- Het snd Oross aAblation

Above the firn line there may be an appreciable
éiff@renea between the total amount of water produsced
by ablation, end the amount removed from the glacler,
The ﬁrainqéweif portion, or net ablation, mey be less
than the total sblation, or groes ablation in e tem-
perate glacier as a result of four conditions:

1, Due %o the retentivity of the snow and fimm
the thermal gquality of the snow end firn will
be insré@ﬂed when the winter cold wave sets in,
The remelting éf this ilce the fallmwin@‘sgring
or summer would, in any study, be recorded as
ablation, |

2. During the dissipation of tﬁg winter cold wave
the melt-water, in pereolating downward into
the firn, will freeze when it reaches s depth
where the firn ﬁampawaﬁura is negative, The

- remelting of this loe would also hé recorded
& second time as ablatlon.

3. Minute smounts of undrained melt-water are
involved in the diurnal fPaezing of a surface
guow orust, Hemelting of the surface crust
would inaluaa this, and it would be measured

again as ablation.
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4 If“watar,aaliaata in 2 glacler more ruyialﬁ
ﬁhaﬂ it can be cerried away, a glacier water
teble may result, A discussion of such a
water table follows in the next chapter,

T&aa#atiaaliyg the runoff from a glacier may be
greater than #he total ablation if the r@infa&l is
greater than the smount of melt.water resorded twice
s abletion, This exceptlional c¢ase would call for a
yedefinition of the term net sblation,

If s glacier were isothermal at 32°F, the yeer-
round, it would probably not be necessary to disting-
uish between net and gross ablation, The melt-water
involved in the diurnal freezing and remelting of a
surfeee orust and the differenmce of the total rainfall
and smount of melt raauk%img from the rain are two
minor fastors, which would about offset one another,

Sverdrup's caloulations (1935, pp. 71-72) on
Iszaghsen's Plateau in West Spitsbergen show that one-
fourth of the meli-water remsined in the firn, while
the rest wae drained off. When meltwater is retained
and refrozen in e gleselier, it will subsequently be
trangformed into glsoler ice, Not until this ice
moves below the firn line will the remelting take

place,
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Below the firn line on a temperate glacler thers
is 1ittle reason to distinguish between net ond gross
ablationd. Since glacier ice is impermeable, melt-
water travels directly to gtreams,

‘The guentities of melt-water that were measured
twice on the Seward Joe Field are probsbly relatively
unimﬁar%aﬂt, and do not affeet the conclusions drawn

from the totsl ablation values,

B, Ahimann would stili distinguish between net and
groes ablation below the firn line, because his
definition of net ablation ineludes the water
removed from a glacier by corrasion and eulving
in addition to melting and evaporation,
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Glacier VWater Table

on July 1¢ at the Airstrip Station, water 16
feet deecp was found standing 62 feet bLelow the surface
in a crevass. The height of the water in e second
orevass, i%@ feet south of the first crevass, was less
acourately messured on July 23 to be 83 to 68 feet be-
low the surfaee, On July 15 Sharp end Rigeby noted
that the rate of thermel boring slowed at a depth of
&6 Teot und below that level continued at a gonstant
rate, They pointed out thet saturated firn would con~
duct heat away from the thermsl boring apperatus at a
faster rate than unsaturated flrn.

Thess observations indieste that the firn must
be saturated below the 82 to 68 foot 1uva1 and that a
glacler water table exists in the Seward scoumulation
eres, |

The ehief factors which influensce the formation of
a melt-water table in the sooumulation aree of & tem~
perste glacier are: (1) morphology of the zcoumulation
area; (8) magnitude of gross sblatlon and r&;nfallg
{8) structure end %éxtare of the firn (4) impermea-
bility of the underlying glacler ice,

A1} Tour fastors have regaiatéﬁ the formation of

the water teble in the Seward ascumulation area, The
large flat-lying ice field with one outlet {and with



observed ponding of water in orevasses at this outlet)
induced & more rapld supply of melt-water than eounld
be carried away. Vigorous ablastion and minor precipl-
tation in the form bf rein were the sources of this
supply. Tﬁa permesbility of the surfece firn was
favorable ﬁ@ the downward percolation of melt-water,
The loe structures in the upper 10 feet of firn did
not sppear to retard the directlon of melt-water flow,
At grester depths thicker ice layﬁfg‘muﬂﬁ impede melt-
water flow to some extent. Impermeable glacler ice
probably exists at o depth not far below the bottoms
of the erevosses, Density meassurements apnroach the
density of glaeier ice of 0,86 st a depth of 50 feet,
Although melti-water can penetrate glacler lce through
erecks and fissures, 1t cannot penetrate the ice 1ltself,
Thus, unless subglaolsl or englaaial drainage 1s

integrated the water can sink no Further,



Internal Ablation

#

Avlation is not restrioted to the surface of the
glacier, but may also be internsl., This internel ab-
lation cennot be measured directly, because it ocours
on the walls of orevaeses and moulins, snd in englaclal
or subglzelsl drainage tunnels,

In the course of summer crevasses are widened, and
the subglaeisl tunnels are enlarged, Nore ice surface
1¢ made svailsble to the effests of melting and evapor-
ation, On stagnant glaeiers such as the Walaspins,
stresms out meandering englacial s2nd subglaoial cgourses
whiech may later be mh&m&aﬁad* The united motion of
stresm erosion and surface ablation initiates collapse
of the tunnel voofs, thereby ineressing the area for
internal ablstion. sbove the firn line in buried
erevesses and englscisl ah&mhara»wv&?@rmtian ia prob-
ably the sole yrmanaé of internal ablation. |

Conduction of the heat flux of the earth may gone
tribute some melting st the bottom of the glaai@r, as
nay the Eaat~aﬁargy set {ree during glacier movements,
Gilbert believed that the ﬁtrea%f_whieh fiow from .
glaciers throughout the winter are supplled ohlefly by
bagal melting. (1904, p. 3l&1;'&var&xup iigaﬁ* pp. 80-
© 82} shows in Opltshergen glaciers that the sarth's heet
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flux can only melt enough jee to produce about Vmn,
of woter per umit erea per year, and that ﬁh@ heat
generated by friction renders en amount of & similerly
gmell order of magnitude, IHe, therefore soncludes that
the grester part of the water of these winter streams
"4s derived from the surplus summer melt-water of the
high-lying firn flelds.

Theorstically the internal ablation of a glecier
san be determined if groes a&lﬁtian and surface ablation

are known.



Thermal Phenomens of the Winter Cold Wave

During the sumner, sub-Creezing temperatures were
experlenced on the Seward Ioe Fleld only at night., 4is
the firn melted and the water percolated downward, there
was temporary detention of melt-water by seplllary ate
traction. Gooling of the surface firn at night froze
some of this water to e depth of approximately 10 on.
forming the erust frequently observed, As the sugmer
progressed and the mean dlurnal temperatures decreased,
the thickness of the crust grew to et least 25 cm, by
sugust 31, It is believed that the incidence of the
winter cold wave began about .iugust 22, that is, sub-
freezing temperatures after this date penstrated below
the initial orust,

in elementary oumputation demonstrates that very
1ittle eooling is needed to lower the temperature of
rign below 0°C., as aﬁgparaé with its heet of fuslon,
For exemple, to lower a pound of dry firn from 3297,
to &3”?;, and essuming a specific heat of 0.48 at
denaity 0,53, we find that 10 x 0,48, or 4,8 BIU are
required, whieh is to be compared with 144 BTU for
its heat of fusion, to convert e pound of water to the
ice orystals comprising the firn,

- Thus, freezing air ﬁamperﬁturea easlly penetrate
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dry firn, ‘the depth of penetration is largely depend-
ent on the degree of below-Zero mean temperature éné
the emount of snowfall, which acts as an insulator to
the firn,

The fra@ﬂinglanﬁ thawing of snow-crust can be con-
aidered &‘smaliuawala”yheaamﬁman_af tha glacier winter
e0ld wave, Accordingly, the inoidence and dissipetion
of the wiﬁta@ sold wave are from the surface downward,
The rote at whioh the firn o¢an absorb heat at the sur-
face is limited only by the rate of heat-supply, but it
must be remembered that the temperature of the firn (or
{ee) surfeee cannot rise above 329F. By virtue of its
ochange of state, that is* the produotion of melt-water,
the surfuce firn ebsorbs all econducted or readlated heat
‘frﬁm the sir. Wnen this melt-water percolates down
into the rirn, it freezes when it reaches the depth
where the firn tempersture is negative, A8 a result
" the water gives off its lateni heat whiech ralses the
temperature at thet leveli. Uince 1little heat is re-
quired to ?ais@'ﬁﬁa %emﬁaraﬁmra ﬁf the firn to its
melting point, with great ablation snd heavy raing,
the whole firn mess quickly bocomes lsothermal et
320F, Sverdrup (1935, p.87) in his studies of the
temperature of the snow-orust during freezing states,

#,,.when every trace of the cooling in the precseding
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night dewn to -u‘&wm of 8 to 12 em. disappears in
lese than M'ﬁ“ﬁ;ﬂ‘hﬁﬁw then it is nmot surprieing
. that every trace of the cooling during the preceding |
'wﬁatnr dewn to & depth of iﬁvto 15 meters disappears
in one mn‘&kw; ..
The Seweyd Joe Field wae already im this - \
iaathﬁ?ﬁmi state when our g&r&y;#rw&tuﬁ‘ﬂv@u;it»>\N
Euly\iéi‘\?hﬁvtwmmﬁwutur% of the fiwn;agﬂ<za¢~uat
mumﬁr& ‘ﬁymﬁw mei Rigeby at different levels . .
to & depth of 200 feet. For every thermohm inserted
vetwesn Fuly 11 and July 17 the specislly ealibrated
Wheatstone resd 32° F. - Thus every trace of the
previous winter's eold wave. is kmown to have dise
appeared by Jaly 17 {prebably much earlier), and
the twm‘wm was 8t the. .@xmwxwmﬁmm. point .6
- The Bewsrd flscier complex is therefore of -
Ahlmenn's tempsrate type (1933, ps 213) and lagally's
mma type {1932, :go; 227) in a geophysical amwim
fieation.

e e e e ,,: R,

6 m miﬁ:i & wiwh of ‘ié&* iw 'Mwéﬂd‘-’b& m‘wmx*m
198 x 102 ¥, for each 100 feet of loe, but this
#mall increment eannot be read on the Wheatstone.
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DIFFERENTIAL MELT DEPRESSIONS IN GLACIER ICE
‘E%siuﬂ and Ige Wells

Differential melt-dapressions filled with water
and with &gﬁr&ﬁ~m&ﬂ£laﬁ bottoms are of two types,
differing in shape aend origin. The ghallow basin type
is sn indireet sblation phenomenon; the verticel tube
type has ﬁ}mﬁr@ problematical origin, The basins may
be ﬁbarkiwﬁ forms of the tubes, er an end stage in the
soslescence of the tubes, |

igassiz (1863, pp. 751-767 and 1864, pp. 56-65)

first nentioned 4ifferentisl melting depressions, ke
deseribed crescent-shaped basins, which he scalled

neridisn holes from the accurasy with which they regis-

taraﬁ‘%hﬁ sun's position, Undex iﬁ&él eonditions these
basins haya an asat-west elongetion with a steep south
wall snd & gently sloping morth well, Agessiz looked
upon thﬁm‘aa gundials of th& glaaier, recording the
“hour by the sdvance of the sun's rays upon them.

nenlfBehern and Koch's mittagsl8chern

are terms synonomous with meridian holes, Nordenaskiold's

en and Poser's kryoconitpfiinle ere irregu-

jar small basins, usually oval., A8 a result of the
sun's unfavorable position to produse east-west

erescent-shaped basins in high latitudes, these oval
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basins are thought to be high latitude eguivalents of
the merlidien holes.

The aforementioned basing are messured in inches,
Agassiz's baignoires {1867, p. 100) and a oryosonite
pool desoribed by Sharp {194?, p. 40) sre exsmples of
large irregular-sheped basins measured in tens of feet.

The sesond type of differential melting form, the
kryoconitiScher {iaav&ﬁat hole), has been described by
over 38 different euthors and has been a subjeot of
seientific curlosity since Norkenskicld {1870, No, 10)
first recognized them in Greenland im 1870, Hobbs
(1922, P, 166-169) calls these hm&aa,_;ggvar~ggﬁg,g&£§§,
and his term loce well wi&l be used in preference to
xryoconitlBoner in this paper.

lce wells us generally described ar@‘amail-ﬁyliaw
drieal holes usually vertical and often elreular. The
concavity of the hole bottoms may glve either a sharp
or gredusl decresse in the diameter of the holes with
denth, Denths ﬁfﬁ r@garﬁaé as aggrnx%ﬁatsly 1 ineh to
30 inches (Wegner, 1930, pp. 81-184), diameters from a
fraotion of an ineh to 12 inches (Poser, 1933, PP, 1-5),
The average ratio of dismeter %o depth is probably olose
to 116, |
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Types of Ige Wells Yound on the Seward Glacler

Two ﬁantrasging types of ice wells were found on
the ﬁewara; those ocourring underwater end those not
poourring underwater, |

The underwater ice wells were discovered August 13
in a pond &t the margin of a roek spur 1f miles east
of the muaﬁta? Station. The yarfmra%ad blue ice sur-
fagce was from 4 inches to & feel under water, ﬁu# to
an‘aﬁﬁiﬁak 1ilusion the nagﬁ%iva’walinf of the walls
appeared paaiﬁi&%; the wells looked like black sobbles
and pebbles a@ainﬂ% the blae iece, There wwre no lce
wells outside of the gaa&, probably because the surface
was firn and not ice,

- The welles were ﬁyl&aﬁri&&&, 1% inches to 15 luches
in depth and one half to 4 inches in dlumeter. The
larger wells were inolined towerds the sun st a uni-
form angle that appesred ﬁé be exaggerated by the re-
fraotion of the sun's rays in the water, The smaller
wells were less inclined, some even vertieal, OCovering
the goneave bottoms of the wells was a mass of glutin-
ous elay and silt, Several stages of formation were
nopted, but hharw'wtré no stages of coalessence,

The other ice wells noted on the Seward Glacier .
were also faand on ﬁngﬂﬁﬁ 13, on Eha southeastern

slope af the Institute &l&aisrﬂ about 300 yards from
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the unéeﬁw@taé wells. The glacier ice had been bardd
by direet sbletion in s spot where silt ascumulations
were losalized. Although thelr yﬁ@iﬁi@n was on a 12°.
159 glope, towards the sun, the walls were not ineclined
but vertisal, The depths ranged from 2-6 inches and
the &iamatarﬁifrwm ane-half to 1% inehes, Most of the
wells were spproximaetely half filled with water, OSome
of the smaller wells were full of water; no well held
less than 2} inehes of water. 4 eross section of a
7-ineh well showed r@mmrkahia uniformity and symmetsry.
The dliemeter was li inches at the top and close to 1
ineh near the bese, The well bat%aﬁ vas awnﬁa#m'nywarﬂ
and was oosted with a thin silt acowmulation thet was
thickest nesr the eenter, There were several samples
of ineiplent coulescence of wells whiosh may f&nai&y

produce meridian holes,

w BE -



Origin of Ige Wells

Viriters are in sgreement on the first step in lee -
well formation., Surfage dust or silt, whether 1t be

one partisle or many, inltiztes inﬁire@t ablation,

which proceede at a greater rate than direct aeblation.

However, the deepening of the depression by indirect
ablation eannot extend below the depth at which the

bottom of ihw depression is eontinuously sheded from

the sun.

At lesst five theories heve been sdvanced to

explain the deepening beyond t&iavarkﬁigal\ﬁayth,

1.

Ba

3

L

8.

Gonveetion eurrents formed by heating water
above 090, to e greater density, the warmed,
heavier water sinking to the bottom of the well,

Radiation reflected by the walls of the lce
well to the bottom of the well.,

Direot rediation transmitted obliquely through
the iee to the bottom of the lece well,

Living end decsying progesses of organisms
generate heat whieh deepens the wells,

Diffused rays falling parallel %o the incline-
ation of the lce wells; also doubly reflected
diffused rays from an overcast reaching the
bottom of the well,

Eaeh hypothesgis will be reviewed and where pos~
givle, oritieally analysed,

Yo

present-day writer favors this theory.

Drygslski (1897, pp. 95-100) bgliavaﬂ gonvection cur-

rents are not lmportent bscause the water must be
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heated from 09C, to its greatest density, 49¢,, to
sink to the bottom of the well, SteinbBek (1936, pp.
1«21} shows this ststenent is literally incorrect be-
osuse water heated any ingrement over 09C, will sink,
But SteinbBok agrees with Drygalski that convestion
in water iﬁ‘ﬁ%% essential to the deepening of the wells,
By the time an originasl warmer and denser leyer
of water resches the bottom of an ive well, it may
well have lost ite heat to the surrounding ice,
Consequently, if conveotion currents were important,
they would widen iﬁgkaaﬁ of aa&paniﬁg the walls,
Farthermore, 1% is difficult to see how ice wells oo~
surring under water ocould possibly have been formed by

ﬁﬁﬁ?&ﬁﬁi@& surrents.

Reflested Redistion from 111
Several suthors belleve that diffused and dirvect

rays reflected on the walls to the bottom of an ice
well are of mii@r &m@axtanaa,&n the dsepening of the
well. Wagner {1958-8%9, pp. 129-137) rejects this
hypethﬁais ai%agaﬁhar* He inasiste that no reflestion
will ték@ plaee Trom the walls into the water ¢olumn,
because thm~rafraati#e indices of fve end water,

1,309 and 1,33 raspaé@ivaly, are aima&t egual, Never-
the less, Wagner 1s gpparently éaauming that the ice
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well is elther full of water or that the sun's rays
strike the lce wall below the wuter line of uﬁ&‘halwa
Tha water line of the hole will'ﬁaualiy bhe below the
gurfeoe, unless direet ablation is proceeding at a more
rapid rete then indirest ablation, | |

In Fi§a$$ 6 lines g and ¢ sre sun reys which can-
not be reflected at the water-ice gontact, because
thelr spesd in ice is nearly that in water.

b &

Ice
Surface

“Water level

FIGURE 6.+Reflection of radiation from the walls of lce wells.

This i% the reason Wagner diseounts reflection on the
tee wall, However, if & ra- atrikes the ice at a very

- low angle of ineidence far ebove the water line, or at
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a higher sngle of incldence close o the water line
as ray b, with the ald of refractlon at the water line,
1t can reach the silt at the bottom of the well,

Less this letter refleotion mechanism be over-
emphasized 1t sbould be added that the absorption of
radlation by the lee wells in addition to the reflec-
tion et the water surface will grestly reduce the

amount of radistion resehing the silt.

Transmitted Direct Radiatior
Puilipp (1912, pp. 489-505) and Poser (193334,

Pps 18] ure the leading aﬁvﬁéa&aa of the hypoihesis
thet direct radietion transmitted through the lae is
responsible for the deepening of iece wells below the
eritigsl depth,

Puillpy believes that radiant energy penetrates
glacler lee ot lesst 24 inches, the depth depending
upon the absorption soefficient of the 1ce and the
aversge inclinetion of the sun's rays, 48 a result of
?hilipg*a assunption that the ubsorption coefficlent
is nearly oconstant in depth, the depth af,pamétrakiaﬁ
will depend on the inoidence of the sun's rays, By
fu?thﬁr ﬁﬁgl@@@iﬂﬁ the refraetion of the rays at the
ice surfece, he demonstrates that the depth of the

wel;s is equual to d=zgin (90=1) ¥ o, where ¢ is the



thickness of the diathermie lce layer, Direct ablatlon
will reduce this depibh secordingly. For every latitude
above 609 north the average depth of the ice wells osn
be determined mathematically according to ?hilippﬁ'

In & yebuttal of rillipp's theory Steinbdek
argues %ﬁaﬁ the sun rays are always inelined at such an
angle in the Aretie, that most of them will be reflected
from the ice; the remalinder must travel such a graa%
oblique distence to the bottom of the ice malli that
their hest effects will be mil,

Drygalski has seloulated that rays from the sun
in its highest position at 709 lNorth Latitude must
travel 24-30 inohes through the ice §a heat the silt
in an {oe well 16-25 inches desap. 'ﬁrygﬁlmki*ﬂ most
sogent argument sagalnst transmitted direct radistion
was his observation that in the fall when the water in
the ice wells was frowmen over, the deepening of the
holes aﬁaﬁyaé, lLater in Oetober when foehn winds
brought in ﬁﬁmmar westher and gha ice melted in the
holes, deepening started ugain, He oconcludes thet the
| deepening must not be ?elaﬁaﬂ to transmitted rays, but
 thet the heat-source is from direstly above the ice walls,

Although the transmissibility of lce to radlation
iﬁ,knawn in terms mt.ita aba@#g@ian soefficient,

guantitative data sre laecking on the depth that radistion
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enters ice. Of a given quantity of radiation reach-
ing the glecier lee surfece at least 50 percent will
be reflected, The absorbed radiation reaches a depth
depsndent on the wave length of the rays and on the

| "ground-gless scattering effect” of the ice erystals.
Blue-green reys, or short wave length radiation, will
penetrete to grester depths than the yallawwﬂrange

and infre-red longer wave leagth radiation, The infra-
rad reys are the prinocipal heat waves, and are ab-
sorbed in the melting of the surface ice, Thus very
little hest ean be carried below the surface.

Although the blus-green rays enter olsar ice to great
depthe, the effest of the lce orystals in glacler ice
1s to reflect these vays diffusely, The smaller the
{ioe orystals, the greater will be the scattering effect.
This scattering eliminates the little heat that the
short wave length mayalaaxry\@ﬁ great depths in water,
It is 4ifficult to imsgine that aporeciable amounts of
"heat® radistion reach suffieient depths to account for
the deepening of ice wells 26-30 inches in aegﬁh dg-
gerived by Drygelskl (1897, pp. 95~100) end Wegener
(1930, pp. Bl-l24). '
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Orgenisms

The debris in the bottom of the ice wells in
Greenland wus yayarﬁaﬁ by Nordenskifld to be of coenmic
origin. ﬁu&mmaua enalysis hava proved him wrong;
while some par%a not vlassified may be of cosmic
origin, ﬁh@ me jor ymrﬁi&n of the debris is mim&ral
and organic.

Living organisme have been found and studlied in
the elay and silt at the bottom of lece wells in Green-
land, After the NordenskiSld Expedition botanist,
Berggren (1871, Noj @) deseribed elght different algse
in the ice wells, successive papers by Wittrosk (1885)
Drygalski (1897, pp. 96-100), Jensen {1928} and
Steinblek (1936, pp. }-2)) have desoribed the kryo-
eonite flora and feuna, Wittroek was the first %o
seek an explanstion for the deepening of the wells
from ﬁh@ é&aaying yr@aaa&aﬁ of organiams., Steinbbek
hag made ﬁﬁa most recent botanicel investigations,
and believes that orgenlsms may be a contributing fac-
tor below the eritical depth. '

He agrees with Drygalski thet the Rryananité flore
and fauna ara‘ﬁﬁa@%sﬁ to their environment, amd

therefors are not an socldental nor ephemeral fealure,
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but have existed in a fixed horizon (kryokonithori-
zonit) possibly through the ice epoch.

Since orgenisme ere not always present in ice
wells, especielly st lower latitudes, they cannot be an
important ra@ﬁwy in the origin of the wells. Steinbek
insists the% orgenisms continue to live in the ice in
the winter when the wells are frozen over; yet
Drygalskl hae shown ﬁkaﬁ.ﬁha wells are not deepened
when frogen over, Thus the hest generated by the
living and ﬁm@ayinﬁ‘@rmaasaaﬂ of organisms mast have
Jittle or no wff#@ﬁ.
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and Steinbock

{1936, pp. 10-12) believe this heat source is the most
‘&mpﬂr%amﬁ in the deepsning of the ice wells below the
eritiocal éﬁpﬁﬁg The problem here is not one of access
of the diffused rays to the bottom of the well, because
the effective rays‘maat fsll et the seme angle of in-
elination s that of the ice well, Proof is needed
thaé the dlfrused radistion is of the intensity to ac-
sount for the deepening beyond eritical depth. |
In higher lstitudes whers the altitude of the sun
is low, diffuse radiation is often stromger than
direet redistion, (Haurwitz and sustin, 1934, p. 160)
The diffuse rediation recelved at the earth's surface
' was computed by Bauer and Philipps. (1934, p, 160)
Perticularly striking in their results was that in the
zone 60° to 90° North, diffuse radlation was grsa%ar
than the direct raﬁiatian, even at the summer solstice,
Measurements by Angstrdm (1928, No., B3) of the
diffuse radiation at Stocksund, Sweden, at 59.4°
North Letitude should apply falrly well tc the Seward
Toe Fleld at 60,20 North latitude, The diffuse radis-
tion reaches & maximum in June, and is never less than

26 p&ra&nt of the total insolation.

w P71 =



Approximately 50 percent of the direct and 4if-
fuse rays striking the lece surface wlll be reflected
- back to the stmosphers, ﬁzauﬂa will reflect & portion
of thié ba@k to the earth's surface, bVhae—sffordi
ﬁffﬁrﬂiﬂg @ a@aéuﬁ opportunity for the rays to fall
at the angle of inelinatlion of the ice wells, ‘@his

sourse of refleoted direct radiation has apparently

been overloocked in the studies of loe wells.
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Origin of the Ige Wells on the Heward

The inelination end underwater coeurrsnce of the
first wells deseribed are two most unususl charaster-
istles, FPoser {1985-34, pDs 1-5} hes been the only
writer %o &@y@r% underwater wells, and these were
nearly vertical, To my knowledge he iz also the only
writer who encountered inelined wells, His wells also
dipped towards the south, |

¥hy some wells are inelined while most are verti-
ezl 18 an unsolved problem, Von Eﬁgalitymaarﬁ 1934,
p. 1-5) theorized that all wells should be inelined,
sinoe silt on the north side r#aaiv&s more sun than
ﬁil%>@ﬁ the south side of an ineiplent well, BExperi-
ments with artifickl lee bloeks in the April sun of
Pasadens atbest to the more important influence of
vertical gravity settling., Inclined holes bored in
the iee aund Tilled with ﬁark silt and water melted
vertieally downward instead of continuing their paths
nearly parallsl to the sun's reys, These resulis in-
erease the dlffisulty of ageounting for inelined walls,

Phe vertioal wells showed no umusual festures.

In view of the rapiﬁ‘r&te-@f eblation previcus to ob-
serving the loce wells, 1t is difficult to imagine that
in&iraet ablation was keeping apmee with the direct
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@blation, Indeed, the fact that many of the smaller
wells were £illed with water sugpests thst they were
decreasing 1m'ﬁapﬁha _ |

Diffuse sun rays are aenaidéraﬁ to be of major
importance ﬂm the deepening of the ile¢e wells beyond
their oritiesl depth, Doubly reflected direct rays
also play a part., These diffuse and dlreet rays need
not enter the ilee wells along their axis of inclination.
48 shown in Tigure 6 , they may enter at a small angle
to the wells and be reflected to the bottom of the
hole, ‘ |

Water acts as an insulator which keeps outgoling
radiation to 2 minimom, and thus indirectly ﬁél@&
dsepen the holes, The thisker the silt at the bottom
of the well, tﬁ@'mwr@ hest ean be sbsorbed and the
lees heat is lost,

A8 these observations were limited to one day the
evolutlon of the lce wells is largely speoulation, They
may be ice wells reexhumed fram the éraviuua year, How-
ever, no svidence of secondary ice wss seen in surface
oross-section, Suech f1illing may have heen melted, If
so the remelting, espaclally in the caze of the deeper
ones, sould not have been induced by the residue of last
year's silt at the bottom of the hole. The presemce of
- 8ilt in the holes lesds to the inference that they are
mainly,if not entirely,of surrent date,



HELSURAMERT OF MELT-WATER

Ahdmann and ﬁ?arﬁrmﬁ galoulated the @uﬁﬁﬁi%i@a of
water which songesisd, formed, and passed %hrﬂmgh the
fira on iaa@hmmm s Platesu (1933, pp. 290-291), Their
@@m@uﬁaﬁimﬁm sre bused upon eblation and prsaipitation
aaﬁaw and are the first of thely kimd;

Hughes and Seligman {1939, pp. 835-6840) experi-
mented with the movement of melt~water in depth on the
Jungfraujoeh in the Alps. They not only measured
quantities of meli-water in @@i&%@tiﬁ% pans, Wt 4o~
taxmiﬁﬁﬁ the dlrection, wveloslty, and nature of melii-
water pereolation, _

Although mh@lﬁa@ual.magniﬁua& of melt-wabter low
is egual to the loes of water et the surface, depth
meoasurements of weter per unit aves differ from the
loas of surfsoe water per unit srea. Melt-water eir-
eulation through ai@araaka‘firn and ice lavers produces
an uneven distribution of melt-water in depth, Thus
the quantity of water measured in depth is not repre-
sentative of the toitsl melt-water produced at the sur-
fage. loreover, only during the ineidence and dissi-
pation of the winter ﬁ@l@ wave are depth messurements
of total melt-water useful. 7These measurements furnish

dats on the freezing of melt-water in depth during the
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ingidence of the aﬂiﬁ wave and the production of melt-
water during the dissipation of the cold wave.

Onoe the winter ¢old wave has been ﬁisﬁigﬁtéﬁ
there ie no better guuge of the égamﬁiﬂia& of melt-
wuter passing ﬁhraugh the firp than the amounts of
surface ablation end rainfall,

These quantities of water will nearly agaﬁl the
quaﬁ%iﬁy nf nelt-weter moving through ﬁha firn if the
varying density of the sblated firn and snow is taken
into ascount, Eveporation and internal ablation are
minor a@m§ziﬂatiﬁ@ faetors whish are not measurable;
however, they probably nearly offset one snother,

On the other hand surface sblation measuremenis
give no indieatiosn as to the mature snd rates of melt-
wét@w‘mmvmmamﬁ through the firny they are quantitative
pot qualitative. |

¥,

The lsachsen Plateau and Jungfreujooh investiga-

tions represented two contrasting approaches to melt-
woter study, Ahlmenn and Sverdrup emphasized surface
ablation messursments, while Hughes an& Jelignan
speeislized in melt-water movement a@uﬁim3¢ It is
unfortunate that these two equelly important phases of
\m@lt~wat@r éﬁuéy ware not aombined to supplement each

other. ior example, the melt-water figure of 0.,1-0.3
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eefem,”/ hour st o depth of ome meter on the
Jungfraujoeh (1956, p. 49) would be of greater signi-

ficonge were the rete of surfree ablation known,
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Melt-Water Movement Ye

9

Helt-water studies, similsr to those earried on
by Haghas &ﬁﬁ Seligman él@ﬁ@, pps 655-640) were con-
duoted @tfﬁﬁ@ alretrip Stetion from Juiy 21 to august
3 and to é lesser extent ﬁﬁ\ﬂh& nunatak Statlon from

Aagust 6 to augast l4s  Those mede at the asirstrip

Station are more signifieant and will be discussed
first, ,

nine spring brass collecting psns of 1439 gﬂgg
were giﬁ%@@ in mi%h@ﬁ exouvated in the sheded south
wali of the &ixﬁ%@iﬁ Station §0-foot piﬁ‘_'%agyzamanﬁ»
ery desta, in addition to dete illustrated in rigure 7

are tabulsted on page 79. in relation to the Seward
au%l@t the south wall of %@@\giﬁ wes on the downstrean
side, but this fact has 1ittle significence on so
broad and flab an scoumulstion ares,

The pans ss they sppear in place are pletured in
Figures 8 snd 9, Meltwater gathering in the puns
drained through a hole te a r@aéi@iﬁg vessel which
was wired and elipped to the pan, This ﬁat&r was
meusured gmri&ﬁiaﬁi&y in a graduste ss illustrated
in Figures 8 and 9., Reocords of these meusurements

‘are furnished in Appendix B,
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MeLL-WAST Fap pata

Pen Mo, Depth~July 21 Density of Firn Relation to Significant
Feet Inches July 18 - 24 Ive and Dirty layers

1 15 - os1 None ”

2 2 8 0,82 $"-1 inoh irgiegular
loe band 4 inehes
above

0,46 ‘aéﬁﬁ‘imﬁh {ee band
' : ¥ inches above

2]
E o
-«

0.50 4 inch dirty layer
; 3 inches below

0,88 £ lneh dirty layer
1 ineh above

<<
-

0.80 Several lensing lee
leyers below

7 iz 4 0,62 Several lensing ice
, : &ayawalbalaw

&
g
o

8 18 4 | 0,78 2.5 inoh lce layer 4
' inches below

) is 2 0.7 Hone
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Ay«Type of pan used by Seligman on the Jungfraujoch, 1938,

BeoType of pen used on the Seward, 1948,

FIGURE 10.=A comparison of meltewater pens used on the Jungfraujoch
and the Seward.
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In order that the melt-water would drain through
the depression in the genter of the pan and ﬁhr@ugh the
outlet, the pasns were inserted et an sngle ranging from
& to E'ﬁa@xawﬁﬁ This &n@i&n&ﬁ@aa of the pans end iﬁ@
conduotion of stmospheric heat through the exposed metal
face caused @h@ peng to slide out of position. Although
wooden pegcs were pleced in the fira to hraaerth$ pans,
they continued to sllide out part way. Thus exast quanti-
ties of water per unit ares could not be messured,

In addition to the movement of the pans the firn
overlying the pans was melted away and melt-water was oom-
pelled to drip from a height ranging from a frastion of
an imeh to several inches above the pan, This abetted
rether than restrained melt-water flow into the pan as
will be shown xﬁ the f@ll@wing ﬁiﬁaﬁaaiﬁna |

The most important factor in the persolation of
melt-water is the size of the firn grains and their inter-
spaces, As with seil the smaller the grains or erystals
the larger is the amount of liquid water that may be held
up by eaplllary foree, (Wilson, 1942, Dpe 553.586), In
view of the unususlly high density of the surface firn
on the Seward Ice Field, the gapillarity of the firn was
surprising. Bxperiments with dyed melt-water pereolsting
through s seotion of firn and around, instead of through
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exoavated niches indlicsted that the oaplllary atiraction
of the firn was greater than that of gravity.

. Exeminetion of Appendix B will show that after in-
stalling the nine pans in the BO-foot pit July 21, 2 to
7 days elapsed bafors & melt-water gyole was recorded
for individual pans, with one exeception; pan 4 produced
water within 2 days, but as will be explaeined later,
this was due to 1ts position elose to a dirt band. This
significant lag iﬁ the production of melt-water ig a
direct conseguence of the ocaplllarity of the flrn., As
melt-water percolates downward to the metal pan it prefers
to move by ceplllarity asround the pan in preference to
leaving the firn and draining into the pan,

Seligmsn {1956, pp. 273-284) contends, as do I, that
sapillary action is more effective in controlling water
movement through a firn mess than is gravity, except when
the melt-water has ﬁ@lhad the snow gralns and formed free
fall channels or hase aﬁ%nrage& & layer of firn from which
it can free-fall through space. The latter exception is
the ehiaf raésmn the m@&ﬁmwatar pans at the Alrstrip
Station received water, The meli-water is held ﬁy
capillary foree over the roof of the niche until the firn
in the roof becomes saturated and'the‘aapillﬁry foree 18
overcome, |

thﬁrvavidanea substantiates this theory. Four pans
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inserted in the walls of shallow pits at the Airstrip
Station falled to produce melt-water for seversl days,

it at all, Two pans located at 3 and 7 foot depths on
July 29 produced no water until iugust 2. Two pans
placed in another seetion of firn at 2 snd 4 foot depths
on August 1 had produced no water by ﬁ&gu&t 4., Neverthee
less, during these interims pans in the 50~foot 2it at
gimiler depthe were receiving large quantities of water,
Consequently, this lag in the production of melt.water
was not & lodal phenomenon, nor was the ocapillarity of the
firn whleh was rmsg@n&ible for the lag.

An already saturated one and a bhalf ineh thick layer
of firn above a pan located in a shallow pit was slioced
away during e day of extreme ablation., 48 8 result it
was two hours before gravity weter supplanted eeplllary
water and dripped tuv the pan,

Although a buried pan without sides receives the
horizontal component as well as the vertical component
'af'rlaw, in reality it probably collects muoch loss melt-
water initially than a buried pen of the seme size with
- sides, ?hﬁ‘ﬁﬁﬂlﬂﬂaé pan is able to trap ocaplllary water.
The free water content of the firn within the pan will
inerease ﬁnﬁii the eoheslon between water maieéulaa is

greater than adhesion of water for the firm grains,
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A pan with no sides offers no trap for aapiilary water,
Although the firn may ultimstely beoome saturated above the
pen, the time interval will be conslderably longer then
with an enclosed pan, In addition, this lag will be con-
siderably longar for a pan buried in the firn, then for
the sane %ypefpan located seversl inches below the roof
of a niche, becsuse in the latter case the gravity effect
overcomes surface tension of the eapillary water,

In spite of this lag caused by eapillarity the melt-
water measurements ’in most ©f the pans are 8811} signifi-
cant, Unse the firn above the gﬁn‘baaama shturated,
grevity water ﬁﬂﬂtiﬂﬂﬁ&‘%a flow during the peried of ob-
servation, The aooumulation of melt-water over the roof of
the nioche and %h@;naaéarnal freezing and melting of this
saturated layer integrated and enlarged the erystal
sutures, thus maintaining them, .

The &&Wﬁnﬁa of melt-water ta&arﬁaﬁ 4iffer from the
actual melt-water draining to the receiving vessels in
two ways, |

Some of the pyrex beakers used as recelving vessels
overflowed during early measurements of maltuwatwr. Benkers
.of 600, 400, snd 150 oo, oapacity for pans 4, ﬁ; and 6,
raspaativaly,‘wera replaced on July 26 by caens with a
aapaaity of 1430 oo, No overflows resulted after this
‘substlitution,
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Freezing temperstures st night froze melt-water
which had not droined from ithe pan to the receiving
. vessel, Inasmuch as it was not possible to measure the
@at@r aantant'of this Lee when melted, estimation of
thiis amount @f maitfwaﬁar and its aamignman% to an earlier
hour of formation may be in epror. However, the amount
of melt-water involved was never over 50 ae.

Ko pen was unduly ianfluenced by its loosl environ-
ment with the exception of pan 4, The large rate of melt-
ﬁa%sr finw in pan- 4 from July 282 to July 26 was due to
its Xﬂaaﬁiaﬂ above the sone of the large 4«inch dirt band,
The dirty layer melted baek by indirect sblation st &
fagter rate than the flrnta%@va or below it, This caused
slumping and reduction éf density in the 3 to 6 inoches
of firn directly sbove the band, Free-fell melt-water
ghannelways developed in the slusiped Iirm which lay in
the zone of the pan, Ag soon éa the exposed silt of the
dirt band was dispersed asnd indirect ablation eould no
longer continue, slumping stopped, the free-fall channel-
wa#s elosed, and pan 4 ended its amazing rate of melt-

water production ss abruptly as it had begun.
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Melt-Water Studies at the Alratrip Station

During July and August large guantities of melt-
water percolated through the surface layers of the firn,.
Although melt-water figures tabulated in Appendix B are
only relstive, they serve two useful purposes,

1. They may be compsred with the meteorologloal
record and with the variocus pericds of the day.

2, They yield information on the nature of melt~

water movement, ‘

Rates of fldw ranged from O to 484 co per hour in
the nine pans., The rates were greatest in pans 3, 4, §
and 6, Almost no melt-water mcousulated in pans 7, 8,
and 9, Thus the pans from 4 to 11 feet 1n &a@ﬁk made the
most water and those below 11 feet the least, Fan O at
8 feet 10 inches raaaiva@ almost three times the amount
of water regeived by any)ather pan,

Pan 1 gave signs of delivering lerge quantities of
water befors it was removed July 29. Although pan 2 was
definitely hindered by the rope ladder stretehing over
S it, 1% iayaawpriaiag that it produced no water before
it was removed July 30. .

The faot ﬁﬁat the upper firn layers produced less
water than ﬂeépar firn layers is probably due to the
graaaer aapiliazy fléw and 1@&3 gongentration of melt-

“weter -in the upper firn,
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Melt-Water Studiee at the munotak Station

Curgsory melt-water studles were made in two pits on
the eust slope of the runstsk Statlon from August § to
Amguﬁt 15, vens 1 to 3 were located the afternoon of
sugust § at depths of 15, 29 and 56 inches, respectively,
in the shaded southwest wall of = 10 foobt pit. (See
Figuvre 1, pit 3). Pans 4 and § were placed on iugust 6
st depths of 15 and 20 inches, respectively, in the south
wall of & 4~-foot pit, (See rigure 1, pit 2). Technlques
of instellation and messurement were similar to those de-
seribed for the Alrstrip Statlion studles. Huantities of
melt-water received are recorded in Appendix G, MNo
hourly rates of flow are supplied gince no more than
three measurements were made per day. |

Several observetions ere slgnificant, Helt-water
pang 1 and 2 delivered water one-half hour after thelr
insertion. Pan 5 produced %ha largest smount of melt-
water reoorded, 879 e¢ per hour on August 14 between §

and 6 p.n. The aversge retes of melt-water flow were

4% night the rates of flow were surprisingly large; on
dugust 8 an averazge rate of 93 ¢o per hour was recorded
for pan &, These aforementionsd results are balieved to

be & direct conseaquence of the 3 to 8 degree slope, the

o 9L -



position of the pzns on the upstrsan glde of the pit,
the concentration of melt-water near the surfage of
the firn, snd the unususzlly wara weather with ounly
four nights(mf freezing temperctures, A

Pen 2 wag situated in the zone of the dirt band
whieh weas exposed at the ﬂurfaaa 250 feet further up
the slope. It is noteworthy that pan 2 received twice
a8 mueh melt-water ss any other pan. ‘

Pans 4 and 5 yrepeatedly melted out of plsce so that
no reocords could be obtained until August 14,
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Coryelation of lleasured Melﬁnwater Flow witb g

Yeteorological Hegord and the Time of D I

In 8 ¢limate like that of coastal Alaska, a glaeier_
is impotent in its endeavor to redude the air temperature
to 1£$ own t#m@@ratura, 389F, At only thraé feet above
the surfsce of the glacier the thermometer at the Alr-
strip Station recorded surprisingly high temperatures,
Thus alr temperatures atané out as the most significent
index of melt-water production, This was indicated by
Figure 3. ‘

However, there is a time interval sfter dimrnal
-maximum temperatures were reashed beraés'aaxim&m quanti-
ties of melt-wster were measured at depth. The table
}an the next page summerizes the sverage melt-water per
hour ocollected in pens 1, 3, 6, and & and the average
temperature for these hours from the data of Appen-

dix B. Figure 11 grephically yrgsentg‘thw data of the
table on page 94 and illmstrates the lag im;ﬁaily melt»
water airwmlatiﬁn, ‘The aversze maximum temperature was
reached from 11 to 12 A,M,; the averasge maximum melt-
water c¢ollected in pans 1, 3, 5, and ¢ was recorded from
5 to 6 P, '

~ Figure 12 shows the average hourly distribution of
melt-water colleoted in pems 1, 3, 5, end 8, plotted from
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Hour
0800=0900
0900-3000
10001100
1199-1200

12001300

1300-1400
1400-1500
1500-1600
1600-1700
1700-1800

1800-1900

1900~820Q0
£000-2100
2100-2800

AVE, He
Pan |

30
85
80
50
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40
25
i0
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190
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287

208
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145
94
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122
187
134
144
183
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157

Flow {m]
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Summsry of Leta im Appendix B

Pans

38
49
67
69
73

2

101
117
158
146
140
133
1lé
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gygé Temp .

39
432
47
52
50
49
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38
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the data of the table on page 94, Two peaks of mélt«
water flow were recorded for pen 1, The first pesk was
reached batwaanrlﬁ and 11 A.M, during the warmest part
of the day. The second peak was reached between 8 and
7 P.H, whanftha much-thawed and loose-textured surface
firn lost a{lar@@ amount of its eapillary water. Helt-
water flow in pana‘l and 3 was more sensitive to air
temperature changes than in the deeper pans, 5 and 6,
The former pans show sharper and steeper peaks on the
graph, Pens 5 and & continued to deliver large guanti-
ties of maibawat@r'haﬁwe@n 7 and 10 P.M, after thelr
peaks were reached,

Pans 5 snd 6 were the only pans receiving melte-water
continuously from July 24 to August 3. Figure 13 ecom-
pares the melt-water totals of pans 5 and 6 with the ab-
lation, sunshine, and precipitation records. Helt-water
figures were totaled for the meteorological day from 7
P,i. to 7 P31, It is evident from this graph that in-
sreassed ablstion does not necessarily portend inereased
melt-water flow, On July 28 and 29 e spowfall was in a
large part melted. Since snow is more easily melted than
denser firn, a reletively lﬁrgé ablation figure was re-
gorded in oamgariamn'ta the amount of water melted from
the snaw,., |

in the smme way large daily melt-water totals do not
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necessarily signify extreme ablation for the same day.

On July 27 and 30 there was a larga snoﬁfall that mélﬁed
a8 it fell, This resulted in relatively greater re-
sorded mﬁlt;Water than recorded ablation., On July 26 and
31, and on ﬁ@gu&t 1 and 2 a rainfall produced relatively

higher melt-water totals then ablation values.

The sunshine record of Figure 13 is based upon a
maximum 12 hour sunshine day. oSunshine 1s shown to be a
poor indicator of the efficacy of melt-water flow and
ablation between July 24 and dugust 1. July 25 and August
3 were the only days to receive 12 hours af Snn&ﬁinﬁ, and
the lowest values of melt-water flow and ablation were re-
corded on these deys. In view of the unﬁsuaily=p§§r
weather and the short-ll~day period of observation the

sunshine record may not be of great sigﬁifiaagﬁa*'
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APPENDIX . - WETEOROLOGICAL REPORT

Key to Hunstsk Station leteorclo 1aal
RepoTrt from July 4 t0 jugust 28

Column

1, Meen - mean Fahrenheit temperature

3

2., Kex, = ﬁaximum‘yahranneit temperature

%, Min, -~ minimum Fahrenhelt temperature

4, Time - time readings are made

5, Wet =~ wet bulb reading of sling pschrometer
6, Dry - éry b&lb‘raaﬁing of sling pseohrometer
7. R.H. - relstive humidity

8. D,P, - dew point |

9, Bar, - barometrle pressure

10, Vel, -~ wind valaaity’in miles per hour

i1, Dir. - windward diregtion

12, ©C - cloud cover |

15, Precip-precipitation in inches of waler
8, - snow
1.9, = intermittent snow

R, - rain



=)

Mean Mex Min Time Wet Dry k.U, D.P, Bar. Vel., Dir. CC Preecip.

te i
4 94 38 1900 24,02 0
% 44,2 46 35 0700 36 44 49 26,5 23,98 2+ NE 1
5 §3.5 59,5 1350 37 48 35 23 25,86 | 3
iﬁ. 45 52 38 0700 34,5 42 651 26 23,82 4
;5 49 42 1300 23,82
gv 41,5 48 35 0730 23,92 SE 1
@B' 47,5 50 37 0800 23,95 2
§9 44 55 34 0700 24,05 3~ W 1
b 54 34 1900 24,01 1
53.0 40 47 31 0700 | 24,04 2
110 &9 3 1900 | 24.00 NE 2
%11 43,5 49 B34 0700 37 54 15 10  £3.98 5. £ 1
g 52 39 1300 | 24,00 2- § 0
5% 33 1900 31 45 24 17 24,00 5- H 0
49,5 53 38 -0700 35 43 48 26 24,01 5. E 1
Bl 42 1300 37 49 B4 22 84,02 1
61 42 1900 35 45 39 22 26,02 5. E 2
50 61 41 0700 31 44 19 4  24.07 5. N 4
61 39 1900 36 41 79 35 24,15 10
48,5 61 36 0700 37 42 67 52 24,159 4~ SE 4 rain 0,25
52 37 1300 41 48 58 36 24,18 2. SW 1
B2 37 1900 39 46 56 31 24,15 5~ S8 8
44 52 36 0800 42 45 80 39 24,15 4- S 9
55 36 1300 41 47 61 34 24,15 2. N 6
52 35 1900 40 44 B0 38  24.12 2+ N 7
42,5 53 28 0700 38 43 67 3% 24,08 5- E 1
2

57 40 1300 3% 45 61 32 24,01




Ury Reile DoPs Bar, Vel, bir. GO Precin
(Bie il ¥ TesLp

s et e

61 40 1300 4% 58 51 55 25,95 B4 N 0O
62 40 1900 43 52 51 35 23,04 24 S0 0
61 39 0700 40 44 73 B4 85.90 B+ SN B
50 39 1300 42 48 63 36 23,88 8+ SE 10
50 38 1900 39 40 93 P& 23,82 B+ N 10 rain
50 31 0700 U3 34 92

o
A

23,77 B+ HE 10 snow 0,95

23,78 2+ & 10 1.8,

o
¢

2o
wn

36 31 1300 30 B4
36 31 1900 32 32 100 32 23,71 7+ &% 10 1.5, 7
40 28 0700 33 36 77 S0 25,80 4

4% 32 1300 36 38 B85 34 23,60 5+ W 4

44 32 1900 B3 B4 90 B2 23,60 5+ W 10 I.7,
44 B0 0700 32 S5 92 33 23,64 5¢ % 10 S 07
41 B2 1300 39 40 92 53 25,65 “ 10

41 32 1900 34  ¥5 92 B2 83,67 B+ E 10 £ 0,8
41 31 0700 35 36 92 B4 25,67 5+ NW 9

45 32 1300 41,5 42 96 41 23,69 5+ NW  9-

40 32 1900 34 56 84 B2 23,72 5+ NN 10

36 32 0700 34 36 91 B3 23,69 74+ SW 10

39 33 1300 35 26 92 34 25,71 10

40 33 1800 4 35 98 32 83,70 B+ 3 10 38

0.2

&

40 B30 0700 32 35 100 32 23.64 B+ wow 10
40 30 1800 38 41 79 35  25.69 5+ N 10
42 30 1%00 35 OV B4 33 23,71 5+ w10
39 B0 0700 33 40 88 56 23,74 54 S9% 9= 1,5, 0,7

45.8 34 1300 41 48 BY Bk 25,82 5~

47 34 1900 98 40 83 36 23,90 8« B O



¢ Mean Hsx Vin., Time Vet Ury H.H, D.,P. Bar. Vel. uir., CC

«26 58,5 47 50 Uron 3Y 41 71 Sa 83.83 5 1 ¥
10

o

o

L3
4

26 46 32 1900 23 B34 93 32 28,457

e

87 56,7 44 30 0700 51 B33 B3% 28 23,74 10 T.5. 0.
.27 53,5 50 1300 31 32 e B0 23,71 4 W 10 T.S.

10 I8,

&n

.27 33.5 29.5 1900 ©0 30 100 30 23.70
86 33.5 33 27 0700 32 33 92 31 23,78 5 % 10 1.9,
.28 37 28 1%00 37 39 8% 55 23,87 5 W 10
2 40 28 1900 28 30 95 29 83,82 5 W 10
35 40 28 Q700 32 B2.5 96 58 23,88 6 NE 10 I.8.

40 &8 1300 40 41 96 59 23,84 8 W 10 1.2,

42 32 1900 34 B3 P 33 B3,91 B¢ WEW 10 I.5,
9

80 35,5 41 30 0700 3% B4 91 52 25.98 10 8. 1,0
v30 6 @0 1300 53 34 91 32 283,97 & 10 €
-30 36 30 1900 32 33 91 31 25,97 5% NE 10 S and R

B Prec, en
0.9

=
s
=

WB1 36.2 B4 30 0700 B4 35,5 87 2% 23,99

m 42 30 1830 51 33 82 29 23,73 5 & 10

3 43,5 26 1900 54,6 55 95 34 23,84 7 1.8 &R
iii 56,2 43 29,5 0700 34 B35 92 33 25,88 5 S 10 & .2
n 43 33 1500 39 41 86 37 23,95 5 8 10

ol

o 43 33 1900 37 39 8% 35 23,98 10

2 85 4% B2 0700 32 24 84 B0 24,00 5. N 7
B 45 24 1300 56 45 43 26 24,00 5 N 4
e 46 34 1900 B4 36 84 B2 24,02 5 N 9
5 39,5 47 28 0700 52.5 36 72 86 24,01 10 N 0
" : .

3 47 34 1900 36 42 59 28 25,98 7 Ny

‘4 42,5 51 34 0700 B33 41 45 22 35,92
b0 ‘ '

ol
&
Q‘;
oo
~3

5 4l 48 34 Q700

e

g
€A
&4
{211
B
fo2]
favd
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54 &0 1600
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lean Wax Min Time Vet pDry R.H. 2.B. Bar. Vel. Dir. ¢C Preeip.
48 1900 32 36 ,ea 27  23.94
48 ‘ 0700 32 38 55 24 23.95
48 1900 3¢ 37 77 31  23.87
38 31 0700 33 33 95 33 25.80
46 1900 35 38 77 33 23.88
42 32 0700 3¢ 37 77 31 23.94
50 1900 33 36 76 29 23.94
46 50 30 0700 32 33 87 31 23.97
B0 34 1300 41 42 89 40 24.02 5 ¥
44 34 1900 35 35 96 35 23.04
33 31 0700 32 33 90 30 23.72
36 34 1300 34 34 100 34 23.58 12
30 1300 27 31 62 22 23.51 13
| 33 27 1900 265 28 69 20 235.49 12
30 33 25 0700 19 21 e; 15  23.85
33 20 1300 27 20 80 a4 25.65
35 20 1900 26 29 70 21 23.68
28 34 19 0700 20 2¢ 53 12 23.73
| 1300 30 33 73 26 - 23.74
37 1900 25 26 89 23  23.70
28 37 19 1300 31 31 100 31 aa*és
34 26 1900 23 25 77 20 23.60
31 21 0700 22 24 76 18 23.68 0
1300 30 31 90 20 23.68 2 s 1
41 21 1900 29 30 90 28 23.78 1
30 41. 23 0700 26 31 335 2 23.84 10
1300 30 31 o6 30 23.80 6 m 10
41 20 1%00 28 31 97 26 25.78 2 B 10

~3 W O @
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25.4
12.7
13.0
38.1
25.4
25.4
15
20
12
2
31
19
13
23
14

145 160
120
56

19

132

tanatak Station

49.8
50
48,5

44

42.5
BO.B
49.5
40.5
3¢
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G8.8
3867
355
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38
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e
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44
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gin.
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36
28
30
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$1
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S1
32

Aiystrip Station

yean mex. Kin.
40 61 |
40 56  24.5
47 65 29.5
47 65  20.5
43 57 29
3 49 24
3& 51 28
38 47.5 3%
&7 & 28
a2 57 28
& e 33
45 B8 33
42 B2 32
43 54 33
43 o6& 23
46 48 32

i2

& o B

&
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o)
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Rain
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APPEDIX B HEELT<WATER PAY DATA « AIRSTRIP BTATION

r Pan Data at Alretrdp ¢

Key:s 1. Plus sign indicates overflow.
2. Firet column is total melt-water collected
© 4in pany second eolumn is hourly average of
- melt-water sollected.
3. T % air temperature.

Temp. 1 1L 1L 3 3 & &

o
jen
jos

W ss 17 | | 137 203

45 56 S | 131. 276
’ | 630~ 193

17 ' | 928

616+ 46 |
50

650 55 425~ 35 170
kS 12 o

B 12 %09 703 196

éﬁ* 47 488~ 35 i70-

4 15* 52 158~

515 47 4lé~ 39 14
1168 lﬂﬁé 4717

10 - - | 230« 14 170
136 428 106 170~
38 | . 85 85 64
23 2/3 : 51

08 38 | 117 110

0 S

14

11
19
50

1
43

53

tation from July 24 %o sugust 3.

-2

16

{2

16

LA

17



15 37
00 37
15 32

6o 30
Total

118
33

o

108
181

59

fd
&

212
309

&
&
jen

21560

880

138

589
5256

862

e

199

21
43
240
120

103

140
164

o8
€9
131
21¢

431

135

.10

le4

11

B

o
&0 %

&2
w5

62



000 36
100 36
Boo 32

Total -
"
600 34
BOO 43
B4C 44
;@é 45
o 36
530 34
80 34
o0 35
30 34

0o B2

55

Total

247
218
80
40
1339

28

17
108
79
270
272
771

258
260
102
224
218
260
260
453
360
500

156

3046

2]
jin
ji

247
140 7
80
40

18

42

79

108

181 110
114

760
4075

51 130 26 757
€5 150 38 810

50

100

216

118

130

453

360

280 40

75 106

426

358
473
296
647
880
16
484
812
sas
6473

e

428
400

417

244

193
116
141
81
109
96
214
285
304
345

151
240
176
2}@
296
9&3
440
616
454

4086

1738

o
i

284
54
654

105
53
17

56

67
30
»
785

472
380
160
165
107
s
780
383
314
301
320

81
54
38
11

i2
21

27

30
- 66
127

o4
95
80
73

107

;6@

390

383

314

151

‘160
3742

{2

iw

jw



fempe 1 1 1 8 3 & & 5 5

%é%a 36 | 906 104 806 35
0700 36 158 18 147 114 45 86
0800 39 128 188 33 33
0900 40
1000 45 65 21 116 116 34 34
1100 54 | 60 60 176 179 56 5%
1200 57 120 120 248 246 65 65
1315 54 | . 260 208 285 228 60 48
1400 52 | 223 297 214 285 75 100
1600 45 662 331 576 288 227 113
1700 42 | 295 295 13 305 305 140 140
1800 40 185 185 276 275 95 195
2000 37 | 285 143 578 289 200 100
2100 &7 85 85 __ 260 260 _80 80
Total 2598 13 4817 1415
5% 40 200 18 212 83 75 7
0900 43 25 25 75 75 8 8
1100 51 25 13 175 a7 6 3
1400 60 ~ 150 50 440 147 35 12
1530 51 217 145 208 199 85 25
1630 50 39 39 126 126 42 42
1730 39 . 86 56 125 125 67 67
1830 87 157 157 120 120 187 157
1930 36 115 115 . 118 118 58 55
2130 87 ‘  57 79 250 125 85 42
Total 1141 2636 - 565

el



i1 1 & 3 4& 4 5 5 & &

44 3% 343 31 5 %

28 28 50 50 7 7

12 12 66 66 7 7

14 9 0L 67 9 6

64 64 169 169 14 14
| 116 38 150 80 17

930 88 | 354 118 146 49 12 4
Total 631 1087 90N

brand Total 2,074 10,111 3,708 31,899 11,218

§~2
jw
115



APPENDIX C¥*¥ MELT-WATER PAY DATA--NUBATAY STATIOW

E_ ate %ﬁu 1 ?L\Rﬁv 2 Ho. 3 Ho .4 @"0» 5

78 542 455
425 700
718 1807 455

2 237 '&éﬁ
424 358 313
132 27 30
558 e52 908

e s ko
‘156 - 380 §
1045 582 25
580 - 590 23
1371 1598 23

217 651 B

409 1209 325

w0 es w0 o

1518 "y 3456 805
1710 232 404 226 360 480
00 180 280 728 395 483
Total 2194 4239 2483 755 063
Grand Totsl 7773 14546 3902 755 963



.

APPENDIX G = MELT-WATER PAN DATA « NUBATAK STATION

Date No,1 M. 2  No. 3  No. 4  No.§
F5%0 78 542 455
1445 425 - 700
1845 215 565 .
Total 718 | 1807 455
87 |
Ta30 2 237 565
1530 424 358 818
1815 132 257 _30
Total 558 852 908
8-8 1
' 762 1565 49
1200 15 380 0
1815 365 1298 0
Total 1142 3043 49
263 745 29
800 265 737 15
465 85
580 os2 )
Total 1045 982 25
8-12
680 390 28
1710 o791 1202 0
Total 1371 1592 23

217 551 5

409 1209 . 328



Date

8-1%

1615
1710
1800

Tah&l‘

Hoa
RRAL A

686
717

3

b

150

——_

2194

252
5

Grand Total 77738

1

Y
KO
SRR TARE)

910
545
485
290

4239

b’

14,546

Ho. & 0.
402
805
226 360
725 398
2483 756
5092 758

B0

5



Houy

0800=0900

0800-1.000

100041100

Date.

724
725
7-26
7-27
7-28
7-29
730
T-31
8-1

82

8-3

7«24

7.85

7-26
7427
728
7-29
7-30
731
g~1
8-2
83

T-24
735
T=26
T=27

Pan &
Si—

70

25

100
21
15
28

Pan b

36

15
131
46
100
70
230
128
76
8%

35
58
i8
130
240
110
90
240
116
80

29
52
90
121

Pan 6

14
19
10
64
16

80
35

14
19
10
91
20
10
12
7%
34

14
19

70



Hour

1000-1100

11001800

12001300

7-28
7-29
730
7-51
8-1
82
83

T=24
7*35
T-26

72T

7-28
729
7-30
7-81
8-1
82
8-3

7-24
7-25
726
7-87
7-28
729

7-81
Bl

Pan &

180

18
12

216

- 120

28

145
208

18¢C
120
140
270
179

94

66

29

100

110

150
138

110

52
128
100
120
156
92
300
216

28
12
14
83
55

14
19
35
80
23
12
18
120
65

14
19
45
85
13
i2

21

160



Hour ‘ Jate Pan 3 Pan B Pan 6
SO ; LS S

1200-1300

8-2 45 160 1%
BB 64 125 14
1300-1400 |
| 7-24 : 29 14
T=25 F3) 19
726 106 &0
7-27 94 90
7-28 106 11
T-29 S0 175 20
7=30 & % 24
T-51 100 280 200
-1 287 285 100
82 75 180 15
B=3 50 185 10,
1400«1500
T-24 20 14
T=25 52 19
T=26 55 64
7-27 150 90
728 90 il
729 30 245 30
7430 4 305 25
-5 100 390 350
G~1 287 286 110
8-2 75 - 200 23
G=d » 50 90 B
1500«1600
Teid : 20 14
725 52 19

=26 17 53



Hour

1500-1600

15@@&1?00

17001800

Date

7-27
7-28
7-29
730
7-31
8-1
82
8-3

7-24
7«25

7-26

7-27
7-28
7-29
7-30
7-31
8-1

8-2

8-3

7-24
7-25
7-26
7-27
7-28
729
7-30
7-31
8-2

8-3

Pan 3

30

100
287
75

50

. 212

79
453

375

56
60

320

90
360
157
118

Pan 5

150

90
245
305
390
286
200

90

29
52
1756
180
140

- 400

250
616
305
125

50

35

90
200
1982
160
450
2565
484
120

80

Pan 6

90
11
30
25

350

110

23

14

65
88

10

50
30

383
140

~ 50

75
88
20
75
50

B4

157



Hour Date pan 3 fan 5 Pan 6
18001900
T 35 3
725 190 60
7-26 210 90
727 ' 160 . 185
728 162 22
729 250 400 80
730 100 275 65
7-31 275 440 175
8=1 ‘ 350 285 100
82 115 115 55
8~3 123 45 4
19002000
T-24 35 3
725 140 50
7-26 220 180
7-27 160 140
726 . 164 24
729 170 400 90
7-30 185 330 | 80
731 250 370 151
B-1 - 850 298 100
8-2 100 120 45
83 100 49 2
2000-2100 |
7-24 o 35 2
7-25 A 140 50
726 190 120
727 172 132
7428 | 175 85

729 80 417 100 *
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LITT oF ILRUSTHATIONS

Flpure
la Index map .
1 ‘ransverse profile pear Munatak Station

keconstructed section of firm abl&teéyfﬁaﬁ
duly 1B %o August 3

The relation of ablation to the alr tempera-
ture and to the hours of sunshine for the
period July 12 to Jugust O at the Alr Strip
otation

selting as a funcilon of relative humidity
and temperature for a unit wind velooity

ihe relstive humidity record and the abletion
record for July 11 to August 3

Refleotion of redistion from the walls of
ice wells

ba@tion of south wall, Pit 1, Alr Btrip
Station showing ﬁistrtbutiﬁn of nmelt-water
pans in relsation to furn stratigraphy

Helt-water pans

Helt-water pan sataap

4 comparison of meltwwatar paens used on the
Jungfrayjjoeh and the Seward

A somparison of the average h@urly melt-water
eollected from pens 1, 2, 3, 5, and 6 to the
average hourly @amymrﬁtur@ éuring the hours
8 AM, to 10 ¥, from July 24 to Jugust 3

Thm average melt-water collected in pans 1, 3,
S5, snd 6 from 8 AM, to. l@ P, for the '
peri&d 3uly 84 to Mugust 3

Relation mf melt-water totals of pans 5 and 6
to the ablahi@n, yraaipita@ian, and sunshine
regords
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81

83

84
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