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ABSTRACT. A ll avai lable 10 m. snow temperatures from the Greenland Ice Shee t have been analyzed 
using multiple regression techniques to develop equations capable of accurately predicting these temperatures. 
The analysis was carri ed out for all Greenland and for various sub-areas. The resulting equations show that 
10 m . snow temperatures can be accurately predicted from the parameters latitude and elevation. Longitude 
was found to be a further significant parameter in south Greenland. 

Gradients o f 10 m. snow temperatures versus eleva tion for north Greenland are close to the dry adiabatic 
lapse rate indicating adiabatic warming of katabatic w inds as the controlling mechanism in their a ltitudina l 
distribution. In both south Greenland and the Thule peninsula , gradients of 10 m. snow temperatures versus 
elevation are markedly greater than the dry ad iabatic lapse rate and are highly dependent upon elevation, 
indicating downward transfer of latent heat in the snow, largely as a result of percolating melt water. 

An isotherm map, showing the distribution of 10 m. snow temperatu res on the Greenland Ice Sheet 
calcula ted from the prediction equations, was preparecl. The map is based upon a revised conto ur map of 
the ice sheet made from a compilation of a ll known e levations. 

R EsUME. Dislribulion des lemJHfralllres a 1 0 melres de pro.fondenr de la neige de l'illdlandsis d" Groenland. Toutes les 
temperatures a 10 m de profondeur disponibles de l' indlandsis du Groenland ont e te ana lysees avec de 
multiples techniques de regression pour developper d es equations capables d ' une prediction precise de ces 
temperatures. Cette analyse a ete conduite pour tout le Groenland et diverses zones ana logues. L es equations 
obtenues montrent que les temperatures de la neige a 10 m d e profondeur peuvent etre predites a vec precision 
a partir des paramctres latitude e t altitude. La longitud e es t un paramctre supplementa ire valable pour le 
sud du Groenland. Les gradients des temperatures d e la ne ige a 10 m de profondeur en fonction d e l'altitude 
pour le nord du G roen land, sont proches des va leurs d 'abaissement adiaba tique de l'a ir sec, montra nt a insi 
que l'eehauffement acliabatique d es vents ca tabathiques est le mccanisme qui contra le leur distribution en 
fonction de l' altitude. A la fois dans le sud du Groenland et dans la peninsule de Thule, les g rad ients des 
temperatures d e neige en fon ction d e l'a lti tude sont n e ttement plus forts que l'abaissement acliabatique de 
l'a ir sec et dependent grandement de l'a ltitude, montrant ainsi le transfe rt vers le bas dans la ne ige de la 
chaleur latente due en majeure partie a l' infiltration d e l'eau de fonte. Une carte des iso the rmes cles tempera
tures a 10 m d e profondeur de l'i ndlandsis du Groenlancl a c te etablie, temperatures calculees a partir des 
equations d e prevision. Cette carte se base sur une nouve lle carte a ltimetrique de l' indlandsis clu Groenland 
e tabli e a pres compilation de toutes les a ltitudes connues . 

ZUSAMMENFASSUNC. D ie Verleilung der SchneetemjJeraturen in 1 0 III T iife mU dem grollliindischen Inlandeis. Alle 
verfUgbaren Schnee tempera turen in 10 m Tiefe auf d em gronla ndischen Inlandeis wurden durch M ehrfach
R egress ion analys iert, um G leiehungen zur genauen Vorhersage d iese l' T emperaturen zu gewinnen . Die 
Ana lyse erstreckte sich libel' Gesamt-Gron land unci LIbe l' verschied ene T e ilgebiete. Die resultie renden 
Gleichungen zeigen , dass Schneetemperaturen in 10 m Tiefe in Abhangigkeit von zwei Pa rametern , nam lich 
geographischer Bre ite und M eereshohe, genau vo rhergesag t werde:! konnen. In SLId-G ronla nd erwies sich d ie 
geograph ische Lange als weiterer becl eutsamer Parameter. Die Anderung d er Schneetemperatur in 10 m 
Tiefe mit del' B oh e stimm l in Norcl-Gronland eng mit d em trocken-adia batischen Tempe"atu rg radienten 
LIberein , wom it sich die adiabatische Erwarmung von F a llwindcn a ls d er bes timmende Fa.kto r fOr ihre 
Hohenverteilung erweist. Sowohl in SUd-Gron land wi e auf de l' Thule-Ha lbinsel ist die Anderung del' 
Schnee tempera tur in 10 m Tiefe mit de l' H ohe merklich grosser a ls der trocken-adiabat ische T emperatur
gradient unci h angt stark von d el' M eereshohe ab, was a uf e inen Abwarts-T ransport von latenter vVa rme im 
Schnee, weitgehend gebunden an durchsickerndes Sehmelzwasser, sch liessen Iasst. Eine I sothermen-Karte 
wurde entworfen , aus der di e V el'te ilung del' Schneetempera turen in 10 m Tiefe auf clem gronlandischen 
Inla ndeis auf Grund del' Vorhersage-Gleichungen h ervorgeht. Die Karte beruht auf eine r revidierten 
H ohenlinienkarte cles Inlandeises, in der a ll e bekannten M eereshohen berUeksichtigt sincl. 

I NTRODUCTION 

In the dry-snow and upper percolation facies (Benson, 1962 ) of glaciers and ice sheets, the 
snow temperature measured at 10 m. depth is a close approximation to the mean annual air 
temperature at the surface. Detailed analyses of the seasonal variation of snow temperatures 
as a function of depth (Sorge, 1935; Benson, 1962) have shown that, in the dry-snow faci es 
of north Greenland, the 10 m. snow temperature theoretically varies no more than o' 30°C. 
from the mean annual air temperature. It is therefore of interest to study the spatial distribution 

23 

https://doi.org/10.3189/S0022143000019043 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019043


JOURNAL OF GLACIOLOGY 

of 10 m. snow temperatures in order to gain insight into the climatic patterns and meteoro
logical and glaciological processes which control these temperatures. The present paper is an 
analysis of all availa ble temperature data from Greenland using multiple regression techniques. 
Brief studies of two areas from the Antarctic are also included . Unless specifically stated 
otherwise, all temperatures and temperature gradients in this paper refer to 10 m. snow 
tern p era tures. 

PREVIOUS WORK 

Isotherm maps of mean annual air temperature in Greenland have been prepared by 
Diamond (1960) and Benson (1962) and of mean annual snow temperatures by Bader (1961 ) 
using a ll data available at those r espective times. The gradients of the mean annual air 
temperature (derived from 10 m. snow temperatures) versus elevation and versus latitude have 
been d etermined for north Greenland by Benson (1962) . Benson found a la ti tu de gradien t of 
- I' 08°c. r lat. existing on the ice sheet at 2,000 to 3,000 m . eleva tion and from lat. 7 1 ° to 
n ° N. This gradient was calculated using the temperature- elevation gradient found to exist 
a t lat. n ° and 70'4° N. (- l oC. / IOO m. ) . Similar analyses have been made by several authors 
treating other specific areas of the Greenland I ce Sheet (Langway, 1961; Ragle and Davis, 
1962; Mock, 1965) . In all these studies the assumption has been made that the temperature
elevation and temperature- latitude gradients are mutually independent a nd that simple 
linear relationships exist. As a first and generally good approximation this appears to be the 
case. 

R ecently there h as been considerable interest in the d etermination of trends and residua ls 
in the area I analysis of geological and geophysical data by fitting first or higher order poly
nomials using leas t-squares regression techniques. Grant (195 7) has d efined a trend as a 
fun c tion T(X, Y ) that d escribes the behavior of the parameter of interest independently of any 
experiment. vVe seek, therefore, to obtain from a given set of physical m easurements T i , the 
func tion t (X , Y) that provides the best possible unbiased estimate of T . It is assumed that at 
each data point Ti = ti + Ei, where ti = t (X i' Y i ) is the estimate of the trend and El is the 
residual. The residual Ei is assumed to be a random variable with zero m ean and a variance 
a l which is the same for all observations. In a subj ect-matter context Et is usually associated 
with local and random effects. The d ecision regarding wha t terms of the polynomial should 
be utilized in es timating the trend and what percentage of the total varia bility in the data 
should be allotted to E depend upon the investigator and the problem. R ecent discussions of 
this general problem may be found in Grant (1957) , Krumbein (1959), and Chayes and 
Suzuki (1963) . 

M ETHOD OF A NA LYSTS 

It is assumed tha t 10 m. snow temperatures can be predicted by an equation of the form 
Yp = bo+ b,X,+ b2 X , + ... + bn X n where Yp is the predicted temperature, X" Xl, . .. X n 
are the independent variables, and the b's are the multiple regression coefficients. In normal 
trend surface analysis X, and X 2 are map or grid co-ordinates and the remaining X terms are 
quadratic or higher order powers of X, and Xl. In the present study the fun ctional relation
ships between tempera ture, elevation, latitude, and in some areas longitude are investigated . 
The data consist of some 112 points on the Greenland Ice Sheet for which latitude, longitude, 
eleva tion, and 10 m. snow temperatures are available. The data were processed on a Control 
Data G-15 digital computer using a multiple regression program which calculated the 
following: the mean of the variables X, Y; the standard deviation oftl1e m eans, ax; the matrix 
of simple correlation coefficients, r; the multiple correlation coefficient, R ; the standard error 
of the es timate, S; the F-test; the intercept bo and the multiple regression coefficients b i ; and 
the standard deviation and Student's t-test for each bi. 
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Figure I shows the location of the Greenland sample points. The data were processed on 
an areal basis in the following manner: 

(a ) All Greenland- includes all data points. 
(b) North Greenland- includes a ll points north of lat. 67 ° N. minus one-half the points 

between lats. 76° and 77' 5° N. that a re wes t of long. 60° VV. 
(c) South Greenland- includes a ll points south of lat. 67 ° N. 
(d) Thule peninsula, Greenland- includes a ll points between lats. 76° and 78° N. and 

west of long. 60° W. 

It is obvious from Figure r that the distribution of points is far from uniform . The only 
correction for clustering was to eliminate approximately one-half of the points from the Thule 
peninsula area in the north Greenland analysis. 

Each of the six areas was analyzed in the following manner. Two relationships, a linear and 
a linear plus a quadratic were assumed between the [0 m. snow temperature in degrees 
centigrade (Yp ) and the independent variables latitude in d egrees and hundredths (XI ) and 
elevation in m eters (X2) 

Yp = bo + bl X I + b2 X 2 , 

and Yp = bo+ b l X, + b2 X 2 + b3 X; + b4 Xl X 2 + bs X;. 

In addition longitude in d egrees and hundredths (X3) was added to both models for south 
Greenland. The previously mentioned statistical parameters w ere calculated for each model 
and the values of F and t examined. In a ll cases theF-test, which is a measure of the sign ificance 
of the regression equation as a whole, indicated that the null hypothesis, that all the true 
partial regression coefficients were equal to zero, could be rej ected at the I per cent level of 
significance (Table I ) . Then the t values were used to test at the [ per cent significance 
level the null hypothesis that each individual population parti a l regression coefficient ((3n ) 
was equal to zero. Hfor a specific b", the null h ypothesis is accepted (i.e. b" is not significantly 
different from zero), a m a trix shrinking sub-routine was used to recalculate the afore
mentioned statistical quantities deleting th e particula r non-significant X variable. This 
process was continued until the prediction equation was reduced to a form in which a ll the X 
variables were sign ificant. 

M E TEOROLOGI CAL A SPECTS OF THE TEMPERATU RE DISTRIB UTION 

Greenland and Antarctica provide two of the largest areas of essentiall y uniform surface 
conditions existing on the Earth today. This is particularly true of Greenland which , a lthough 
nearly an order of magnitude smaller than Antarctica, has over its greatest ex tent on ly minor 
surface irregulariti es to imped e air movem ent. Under such conditions, the distribution of 
10 m . snow temperatures can be expected to follow some r egula r pattern governed by 
elevation, latitude and possibly longitude. 

Loewe (1936) noted that the annual air-temperature- elevation gradient m easured between 
the Wegener expedition 's western base and "Eismitte" in the interior was close to the dry 
adiabatic lapse rate ( -0·98°C. / [00 m. ) . Similar temperature- elevation gradients in the 
snow were observed by Benson (1962 ) who expressed the view that the main fa ctor controlling 
the a lti tudinal distribution of the mean annual air temperature is the relati vely thin (c. r km.) 
layer of cold air which is ch illed by radia tional h eat losses from the snow formin g a temperature 
inversion. As this high-density layer Rows downhill under the influence of gravity, it warms at 
the dry a diabatic lapse rate producing the observed gradient. 

Essential to the view of the dry ad ia batic control of the temperature distribution is the 
predominance of down-slope gravity (kataba tic) winds. Other winds, particularly those 
flowing up-slope and associated with cyclonic systems will become rapidly saturated and will 
cool at a wet adiabatic lapse rate which is less than the dry adiabatic rate. This would tend to 
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decrease the m ean annua l a ir-temperature- elevation gradient. It is necessar y to know th e 
conditions of the winds a loft in order to d etermine whether the surface winds a re kataba tic 
or simply p a rt of the genera l circulatory p a ttern. U nfortuna tely meteorological records for 
ice-sheet sta tions a re ra re a nd those with upper-ai r observations even ra rer. 

O bservations over a 25 m onth period a t " Sta tion Centra le" (near "Eismitte" ) a t 3,000 m. 
on the ice sh eet in interior G reenland lend support to th e pred ominance of ka ta ba tic winds. 
O ver th e p eriod of observations 81 per cent of a ll surface winds (during balloon ascents) were 
from th e two eastern qua dra nts while 3 km. a bove the sUt·bce 59 per cen t of the winds were 
from the two western qua drants (R atzki , 1960) . T he observations showed that th e wind shift 
usuall y sta rted a t the top of the tempera ture inversion. The location of " Sta tion Centrale" 
was such that ka tabati c winds would be expected as easterly winds. 

TAD LE I. MULTI PLE R EGRESSION E QUAT IONS OF rp ( 10 M. SNOW TE~IPERATURE, QC. ), 
VERSUS X, ( L ATITUDE , DEGREES AND HUNDREDTH S) , X, ( ELEVATION, METERS), 

AN D X l ( L ONGITUD E , D EGREES AND H UNDREDT H S) FO R AREAS OF GREENLAND AND A NTARCTICA 

Multiple 
correlation 
co~fficient, 

Location Equation R F 
i'\onh G reenla nd ( I) r l ) = 66·52 - 9 ·692 X 10- ' X ,- 8'504 X lO- lX, 0'987 1,39 1 ' 2 19 

(2) rp = 2 1'22 - 4.842 X lO- l X; - I ' 145 X 10- 4 X , X, 0 ' 989 1,570 ' 390 
Sou th Greenla nd (3) r l ) = 92 ' 72- 1' 157X, - 1 ' 508 x 10- ' X, 0'964 143'327 

(4) rp = 18, 24 + I '736 X 10- ' X , - 5 ' 044 X 10- 4 X, X, 0'969 169 ' 0 16 
(5) r p = 55' 99 - 5 ' 322 X 10-4 X, X, + 3.8 X 10- 6 X~ - 0'975 134 '250 

- 3' 151 X 10- ' X l 
T hule pen insula (6) rp = 125 ' 15- I ,687X, - I ,034 X IO- 'X, 0'973 186 ' 5 19 

(7) rp = 27' 16 - 6 '470 X 10- ' X, X, + I ,20 X IO- l Xi 0 ' 984 333 ' 474 
.-\11 G reenla nd (8) Yp = 58, 99 - 8,683 X 10- ' X, - 8· 574 X 10-) X , 0'982 1,475 ' 252 

(9) r l ) = 130·42 - 1·658X' - 4' 472 X 10- ' X , + 
+ 3'348 x 10- 4 X , X, + 2 ' 4 X 10- 6X; 

o'g88 1, 124'276 

(dry snow facies ) ( 10) r l ) = 24' 34 - 5 ' 287 X 10- 3 X ;- 1, 176 x 10- ' X, X , 0 ' 928 96 . 85 1 

lVIa ri e BY I'd Land ( 11 ) rp = 2 1' 52 - 4 ' 9 12 X 10- ' X ,- 6 , 596 x 10- 3 X , 0,847 94 , 828 
( 12) r l ) = 6'930 - 4' 7 11 X 10- ' X' - 5' 712 X 10-) X , + 0'9 15 126'749 

+ 1 '025Xl 
(13) Y p = 703 ' 57 - 1'797 X 10 ' X, + 1 ,og9 x 10- ' X :- 0'929 11 5' 27 1 

- 7 ' 02 X lO- l X , X, + 8· 747 X 10- ' X ) 
\ 'iclOria L a nd (14) rp = 32 '93 - 5 ' 198 X 10- ' X , + 8, 1 X 10- 6 X ; 0 ' 9 16 99 ' 709 

Standard 
error of 
estimate 

0·64 
0 , 60 

0,8 1 
0 ' 75 
0' 70 

0'56 
0'42 

0'94 
o· 77 

0 ' 47 
2' 16 
1·65 

I ' 52 

1,84 

Other ice-sheet sta tions do not provide such clear-c u t evidence for katabatic winds. 
" Northice", the base of th e British North G reenla nd Expedi tion at an eleva tion of 2,343 m . 
on th e ice sh eet, was occupi ed for a period of 20 months from November 1952 to June 1954. 
Surface wind observations (H a mil ton a nd R olli tt, I957 [aJ ) showed the prevailing winds to 
be from th e no rth-west a nd west. O bservations of surface winds a t the time of ba lloon ascen ts 
showed a strong prevailing westerl y wind at the surface while at I' 7 km . a b ove the surface 
westerl y w inds still p revailed bu t with higher south-westerly a nd southerly componen ts 
(H amilton a nd R olli tt, 195 7[b] ). Since " Nor thice" was situated to the east o f th e ice-sheet 
crest, kataba tic winds would be expected to a ppear as westerly winds. H owever since winds 
a loft a re a lso d ominan tl y from the western quad rants, no directional separation o[kataba ti cs 
from the gen eral circula tion is possible. N ever theless the p revailing winds a t "North ice" , 
ka tabatic or n o t, are in the general down-slop e direction a nd sh ould warm a t th e dry adia ba tic 
la pse rate. Several oth er stations have been occupied for varying short periods. H aywood and 
H olleyma n ( r 96 1) summa ri zed the available m eteorological records [or ice-sh eet stations. 
They showed that, while th e winds vary considerably in di rection, the prevailing wind is 
genera lly d own-slope. 
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Temperature profiles measured at "Camp Century", on the ice sheet, from 25 cm. below 
the snow surface to 400 cm. above the surface show the air and snow to be close to thermal 
equi librium over a one year period (U.S. Army Signal Corps Meteorological Team Data, 
1963) . If this condition is general, and we further assume that the prevailing air-flow is down
slope, i.e. katabatic, then the adiabatic warming of this air should provide the major mechan
ism in the altitudinal distribution of 10 m. snow temperatures in the dry-snow facies. 

Benson (1962) has pointed out that several meteorological and glaciological factors can 
cause the mean annual air-temperature- elevation gradient as estimated from IQ m. snow 
temperatures to depart from the dry adiabatic gradient. Briefly these are: 

(a ) Heat transfer by melt water: At locations where summer warming is sufficient to cause 
actual snow melt, water percolates downward into the firn where, upon refreezing, latent heat 
is liberated. This process has been well documented in areas of substantial melt by Sverdrup 
(1935) and Hughes and Seligman (1939) . Schytt (1955) measured snow temperatures in the 
soaked facies where subsequently a meteorological station was established. During July and 
August 1954, temperatures at approximately 9 m. depth ranged from - 5°C. to o°e. Meteoro
logical records (U.S. Army Signal Corps Meteorological Team Data, 1963) for a complete 
year gave a mean air temperature of - 13°C. Where substantial melt occurs (at low elevations 
and latitudes) the effect is to increase observed IQ m . snow temperatures and hence to increase 
the observed 10 m. snow-temperature- elevation gradients. Where limited melt occurs, the 
effect upon IQ m. snow temperatures is not well understood. 

(b) Radiation cooling: Radiational heat loss from snow surfaces will be more effective at 
higher elevations due to the decrease in the water-vapor content and the greater clarity of the 
atmosphere. Radiational cooling can also be expected to increase to the north (in Greenland) 
as a result of lower solar angles and decreased cyclonic penetration with associated cloudiness. 
The net effect of this factor would be to steepen temperature- elevation gradients. 

(c) Latent-heat transfer at the surface: Heat may be subtracted from the snow by latent-heat 
transfer during evaporation. This in general is a function of wind-speed and humidity. 
However climatologic summaries for 1962 from " Camp Century" and "TUTO East", 
located 224 km. and 8 km. respectively from the western edge of the ice sheet, show no 
significant differences in either mean wind-speed or relative humidity (U.S. Army Signal 
Corps Meteorological Team Data, 1963). The net effect of this term on the temperature
elevation gradient can undoubtedly be considered small. 

RESU LTS 

North Greenland: Two models were used for north Greenland, a linear and a linear plus a 
quadratic as shown in Table I. The linear plus quadratic model is only a slight improvement 
over the simpler model. Figure 2 shows isotherms based on equation (2) . (All numbered 
eq uations refer to Table I. ) 

Figure 3 shows the temperature- elevation gradient increasing with increasing latitude. 
The gradient is not dependent upon elevation. The magnitude of the gradient (-0·85 to 
- 0' 95°C . / I 00 m. ) indicates control by dry-adiabatic processes and suggests that this control 
increases to the north. That such is the case is not at all unreasonable. Cyclonic activity 
decreases to the north and with it the transport of air into the interior by up-slope surface 
winds; this tendency would decrease the observed temperature- elevation gradient. This 
sector of Greenland can be considered as a type example for adiabatic warming of katabatic 
winds controlling both the distribution of the mean air temperature and the 10 m. snow 
temperature. 

South Greenland: Figure 4 shows isotherms plotted as a function of latitude and elevation 
based on equation (4) . Figure 5 shows the - 20°e. isothermal surface as a function of latitude, 
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longitude, a nd eleva tion based on eq uation (5) . The R values of a ll three models are such tha t 
each provides a good fi t to the true 10 m. snow temperatures. The m ain differences in the 
expressions is in th eir degree a nd th e fun ction a l aspects of the tempera ture- la ti tude, 

(j) 
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~ 

z 
o 
t
<[ 
> 
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Fig. 2 . Isotherms for north Greenland based Oil equation (2) 
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TEMPERATURE - ELEVATION GRADIENT 

Fig. 3 . T emperatllre- elevation g radient versus latitllde fo r north Greenland based Oil equation (2) 

temperature- longi tud e a nd temperature- elevatio n g rad ients. Equation (5), the best fitt ing 
expression, shows th e 10 m . snow tem perature to b e a function of latitude, long itude and 
elevation . 

T emperature- elevation isogra d s plotted against elevation a nd la titude are shown in 
Figure 6. Within the study area, th e tem perature- eleva tion gradient d ecreases with increasing 
elevation and d ecreasing la ti tude from - 2· [ oC ./ I OO m. to approximately - I ·2 ° C. / I OO m. 
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These steep gradients and their d ecrease with elevation are best explained by considering 
briefly certain aspects of the ice sheet in south Greenland. 

It has been noted previously that cyclon ic activity increases to the south and this also 
seems to be true in this case, although there may be some localization of activity near the 
saddle at lat. 66° N. which separates the high domes of north and south Green land. As has 

Cl) 
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UJ 
I
UJ 
~ 

Z 

z 
o 
~ 
> 
~ 2000 r-----~~~------~~------~ 
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66° 

Fig. 4. Isotherms for sOllth Greenland based on eqllation (4 ) 

ELEV,(m.) 
3500 

2000 

1500 

Fig . 5. The - 20°C. isothermal sllrfacefor south Greenland based on equation (5 ) 

been noted the e ffect of cyclonic activity should be to decrease the temperature- elevation 
gradient. However, in this case the gradients are much higher than expected. It seems likely 
that this is caused by percolating m elt water which produces mass transfer of heat into the Ern . 
Ragle (personal communication) and Davis (1964) have noted that the entire south Greenland 
area treated by equations (3), (4) and (5) lies in the percolation faci es and in part approaches 
soaked conditions . At lower elevations there is proportionately more m elt and greater down
ward heat transfer causing the 10 m. snow tempera tures to be appreciably warmer than the 
m ean annual air temperature. The data collected from points showing extensive melt-water 
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migration when combined with data collected at higher elevations where the 10 m . snow 
temperature is a more representative measure of the mean annual air temperature, then give 
a fictitiously high air-temperature- elevation gradient. 

As expected a temperature- latitude gradient exists, but its magnitude depends upon 
elevation (Fig. 7). It is a lso interesting to note that a temperature- longitude gradient of 
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approximately - 0· 3°C. ;o long. exists (equation (5)) . This may be a reflection of cooler water 
temperatures and greater ice cover in Davis Strait to the west than in D enmark Strait to the 
eas t. 

ThuLe peninsula: The Thule peninsula has been the site of several extensive studies (Benson, 
1962 ; Mock, 1965) and, therefore, has a greater density of temperature determinations than 
any other corresponding area in Greenland. Furthermore, it h as several characteristics which 
make it glaciologically interesting: a distinct windward and leeward slope with a corresponding 
precipitation shadow, a distinct ice divide, and three years of continuous weather records 
from "Camp Century". Linear and linear-plus-quadratic models were used , with the more 
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complex model providing a more significant equation. I sotherms as a funct ion of latitude and 
elevation are shown in Figure 8. Figure 8 also illustrates the danger of extrapolation far 
beyond the elevation and latitude of the data, in this case above 2,000 m. 

Climatic records for the year 1962 are available for Thule Air Base, (U.S . Weather Bureau, 
1962), Camp TUTO, "TUTO East" and "Camp Century" (U.S. Army Signal Corps 
Meteorological Team Data, 1963) all on the Thule peninsula. Thule Air Base is located on 
the coast 13 km. from the ice sheet at I I m. elevation, Camp TUTO at the edge of the ice 
sheet at 489 m . elevation, "TUTO East" on the ice sheet 8 km. from the western edge at 
80 1 m. elevation and "Camp Century" on the ice sheet 224 km. from the western edge at 
1,885 m. elevation. All stations are within 10 of latitude and thus provide a profile from the 
sea coast to the interior. F igure 9 shows the mean surface air temperatures at the four stations 
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Fig. 8. Isotherms for the Thule peninsula, Greenland based on equation (7 ) 

for J anuary 1962, July 1962, and for the entire year 1962 p lotted as a function of their eleva
tion. Also shown are the upper-air mean temperatures for the same periods from radiosonde 
ascents at Thule Air Base. It is interesting to note the close correspondence of the free-air 
lapse rate w ith the temperature- elevation gradient existing a long the land surface (i.e. from 
Thule Air Base to Camp TUT O ). Of more interest to this study, however, is the close corres
pondence of the mean annual air temperature- elevation gradient over the ice sheet (i.e. from 
"TUTO East" to "Camp Century") with th e dry adiabatic rate and the departure from the 
dry adiabatic rate off the ice sheet. Figure 10 shows the 10 m. snow-temperature- elevation 
gradients as funct ions of latitude and elevation. T he effect of latitude upon the gradient is 
small but the elevation effect is even more pronounced than in south Greenland. This is a 
result of generally heavy summer melt conditions, as in south Greenland , over the relatively 
low elevations on the Thule peninsula, apparently causing 1 0 m. snow temperatures to be 
systematically higher than mean annual air temperatures resulting in temperature- elevation 
gradients greater than the dry adiabatic rate. That the adiabatic warming of katabatic winds 
is still the controlling mechanism in the mean annual air temperature distribution is shown by 
the meteorological records. 

All Greenland : Linear and linear-plus-quadratic models were used for analysis of all the 
Greenland data. Considering the difference in condition s, particularly as reflected in the 
temperature- elevation gradien ts, between north and south Greenland, the resulting equations 
for a ll Greenland show surprisingly good fits. F igure I I shows isotherms based on Equation (9). 
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Figure 12 shows the temperature- elevation gradient as a function ofIatitude and elevation. 
This gradient shows a general decrease with latitude, reflecting the overall decrease in the 
magnitude of the gradient from south to north Greenland despite the fact that within north 
Greenland there is a slight increase with latitude. 
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Figure 13 is an isotherm map of Greenland showing the distribution of 10 m. snow 
temperatures based on Equations (2) and (5) . Temperature measurements from east of the 
ice-sheet crest and from the area from lat. 66° N . to 70° N . are generally lacking. In particular 
the area from lat. 66° N. to 70° N. seems to represent a major discontinuity both meteoro
logically and glaciologicalIy. For this reason the isotherms are dashed through this zone and 
are not as valid predictions as to the north and south. Inasmuch as the accuracy of such an 
isotherm map is no better than the ice surface contour map upon which it is based, first a new 
base map was constructed from a compilation of all known sources of elevations on the Green
land Ice Sheet. These elevations, I,589 in total, were plotted on the current I : 1,000,000 

2 
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World Aeronautical Charts of Greenland. A few of the points which appeared contradictory 
were rejected and the final ice surface contour map was prepared by inspection (Fig. 14). 
The compilation of these data which also include mean annual accumulation, IQ m. snow 
temperatures and ice thickness where any or all have been determined is included as an 
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Fig. 11. All Greenland isotherms versus latitude and elevation based on equation (9) 
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Fig. 12. All Greenland temperature-elevation isograds versus latitude and elevation based on equation (9 ) 

appendix to U.S. Cold Regions Research and Engineering Laboratory, Research Report 170 and will 
be available on file at D.S. Cold Regions Research and Engineering Laboratory. 

Dry-snow facies: In an attempt to define the distribution of mean annual air temperatures, 
as opposed to IQ m. snow temperatures, a multiple regression analysis was made using only 
10 m. snow temperatures from the d ry-snow facies. Figure 15 shows isotherms for all Greenland 
calculated from the resulting equation (equation ( IQ)) . The fact that the data from which 
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Fig. I4. C ~. ontollr map of the G reenland lee Sheet 
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this equation was calculated all lie within the encircled area indicates the degree of extrapola
tion . It is believed that this extrapolation is not unwarranted because of the nearly linear 
character of the isotherms. Mean annual air temperatures from stations having meteorological 
data for one year or more are shown as triangles . The open circles indicate measured 10 m . 
snow temperatures in south Greenland. Figure 16 shows contours of the deviations of m easured 
10 m. snow temperatures from the mean annual air temperature predicted by equation ( 10) . 

Several interesting features are shown in Figures IS and 16: 
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(a ) Mean annual air temperatures at all coastal stations are lower than predicted by 
equation (10). This is not unexpected since dry adiabatic temperature control is lost and other 
processes become established when katabatic winds diminish on leaving the ice sheet. 

(b) Mean annual air temperatures of ice-sheet stations in north Greenland and of the 
single station (TUTO) immediately adjacent to the ice sheet, agree quite well (±2S) with the 
predicted temperatures. 

(c) Measured 10 m. snow temperatures outside the dry-snow facies show systematic 
deviations from predicted temperatures. Figure 16 suggests that in areas of limited melt, 
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Fig. r6. Contours showing deviation of measured 10 m. snow temperature from mean annual air temperature predicted by 
equation (10) 

10 m. snow temperatures are actually lower than the mean annual air temperature, but with 
increased melt, temperatures approach and then become higher than the mean annual air 
temperature. In south Greenland the deviations shown in Figure 16 are of such a magnitude 
that a climatic difference between north and south Greenland is suggested. 

Antarctica: Because of the high degree of success in fitting the Greenland data with 
polynomial regression equations, a similar analysis was carried out with temperature data 
obtained from traverses in Marie Byrd Land (Anderson, 1958; Long, 1961; Pirrit and 
Doumani, 1961; 78 data stations) and Victoria Land (Crary, 1963; 41 data stations). The 
resulting equations (Table I ) provide a somewhat poorer fit to the data than the Greenland 
data (higher S values and lower R values) . Figure 17 is a plot of the isothermal surfaces 
determined from equation ( 12), indicating the control of latitude, longitude, and elevation 
upon temperatures in Marie Byrd Land. 

Figure 18 shows the best-fitting curve for Victoria Land. It is of interest that in this case 
only elevation was found to be a significant factor in controlling the temperature. It will be 
interesting to compare these results with results obtained from the central part of East 
Antarctica. 
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ERRORS 

The data used in this analysis were collected by a number of investigators over a period 
of some 15 yr. The following is a brief description of the possible errors and their effect: 
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Fig. 17. The - 30°C. and -28°C. isothermal surfaces for Marie Byrd Land, Antarctica, based on equation (12) 
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Fig. 18. la m. snow temperatures versus elevation for Victoria Land, Antarctica, based Oil eqllation (14) 

(a) Temperature,' The majority of the temperatures were measured with thermohms and a 
Wheatstone bridge in 10 m. bore holes. Some of the earlier temperature measurements were 
made with standard mercury or alcohol thermometers. Many of the 10 m. snow temperatures 
reported by Benson (1962) are calculated values from direct measurements at shallower 
depths. The temperatures used can be considered accurate to ± o· 5 QC. 
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(b) Latitude and longitude : Positions reported are from solar observations and d ead reckon
ing. In general lati tude can be considered a ccurate to ± o· 03° and longitude to ± o· 08°. 

(c) Elevation : Elevation d eterminations are almost en tirely the result of barometric 
altimetry and as such are subj ect to considerable error. In general it is believed that the 
elevations can be considered accurate to ± 30 m. 

Since errors of these types can be considered to be randomly distributed around the true 
values, on the average the Yp values predicted by the regression equations should give quite 
satisfactory estimates of the true 10 m . temperatures. 

CONCLUSIONS 

Where sufficient con trol is avai lable, multiple regression a nalysis of 10 m . snow tempera
tures provides a valid and highly useful m ethod for predicting their areal distribution . The 
following specific conclusions seem justified: 

(a ) The altitudinal distribution of m ean annual air temperatures over the Greenland Ice 
Sheet is controlled primarily by adiabatic warming of air moving down-slope under katabatic 
conditions. 

(b) Temperatures at 10 m. in the dry-snow facies closely approximate the m ean annual 
air temperature and temperature- elevation gradients within this zone are close to the dry 
adiabatic lapse rate. 

(c) Temperature- elevation gradients increase to levels greater than the dry adiabatic 
lapse rate in the percolation faci es indicating 10 m. snow temperatures warmer than the mean 
a nnual air temperature, while predicted temperatures based on the dry-snow facies equation 
are warmer than m easured [0 m. snow temperatures, indicating that the 10 m . snow tempera
tures are colder than the m ean annual air temperature. A need for research into the problem 
of heat transfer in snow undergoing limited m elt is indicated . 

(d ) 10 m. snow temperatures in south Greenland appear to be lower with resp ect to their 
la titude and elevation than those of north Greenland. 
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