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PREFACE
This report is the result of field work carried out on the southern
dome of the Greenland ice sheet as Project 3 6 for the Basic Research
Branch (James A. Bender, then Chief) of the U.S. Army Snow Ice and
Permafrost Research Establishment, ".c Corps of Engineers. Project 36
begari in North Greenland during the summer of 1958 and was under the
direction of Mr. Richard Ragle of USA SIPRE. The author served in the
capacity of assistant glaciologist and navigator. In 1959 a 2-year study
on the southern dome began. Mr. Ragle was again leader and continued in
this position until 1 July 1960, when leadership was turned over. to the
author. The data presented in this study were taken in the period from·
1 July to 7 August 1960.
The author wishes to thank Mr. Ragle and Mr. Bender for their
help and advice. He also wishes to thank the members of the expedition
for their cooperation. Mr. Steven Mock of SIPRE took on the laborious
job of reducing the altimetry data. Sp/5 Roger Hale, PRDC and Sp/4
John Bock, PRDC were mechanic and radioman, respectively. Sfc. Cecil
Sullivan was in charge of logistics in Sondre Str0mfjord.
Professors Troy L. P~w~, CarlS. Benson, and Robert B. Forbes
reviewed the manuscript and made many helpful suggestions.
This report has been reviewed and approved for publication by Headquarters, U.S. Army Materiel Command.

*Now Cold Regions Research and Engineering Laboratory.
Manuscript received 22 June 1962.
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SUMMARY

Between 1 July and 7 August 1960, the U.S. Army Snow Ice and
Permafrost Research Establishment, Corps of Engineers, supported a £ourman glaciological expedition on the southern dome of the Greenland ice
sheet. Measurements of snow temperature, density, ram hardness, and
grain size were made at seven pit ~tudies along 191 mileS of over-snow
traverse. In addition to the pit studies, 38 Rammsonde profiles were
measured and 166 shallow pits were dug to measure temperature in the
first meter of snow.
The annual accumulation of snow was found to decrease westward, from
97 em water equivalent 50 miles from tP.e east coast, to 40 em 80 miles
from the western margin. A possible precipitation shadow was encountered
immediately west of the crest line of the ice sheet. The precipitation
shadow and the decrease in accumulation westward indicate that the source
area for the precipitation lies to the east of the southern dome, in the.
Greenland Sea.
Temperature profiles in the firn indicated that summer warming was
still in progress. During August, melting at an elevation of 2000 m above
se~ level was intense (OC in the top 75 em} •.
According to the facies classification of glaciers (Benson, 1959, 1960},
most of the study area is in tfie percolation facies, with the possible
exception of the westernmost· s.tation (mile l-138) which is at or near the
saturation line.
The daily heat exchange in the first meter of snow, near the time of
maximum melt conditions, is between 20 and '35 cal/cinZ. This is approximately 25o/o of the heat necessary to raise the temperature of a column of
firn of unit cross Section and 1 m deep to the melting point. Effective
values of thermal conductivity and diffusivity as determined from the
temperature curves with no attempt made to isolate radiation and convection are, respectively, 4-6 x 10-3 cgs and 20-30 x l0-3 cgs. Radiation
and convection in the first meter of firn cause "effective conductivity"
values to be 4 to 7 times greater than the value k = 0. 0068pZ given by Abel's
(1892), which is the conductivity at greater depths.

STRUCTURES IN THE UPPER SNOW LAYERS OF THE
SOUTHERN DOME OF THE GREENLAND ICE SHEET
by
Thomas C. Davis, Jr.
INTRODUCTION
The southern dome. of the Greenland ice sheet is separated from the more extensive and higher northern dome by a trough approximately 0. 2 km {200 m) deep and
160 km wide. The climate of the southern dome is more maritime than that of the
northern dome, consequently the ·southern dome receives more precipitation.
The primary object of this study was to determine the annual accumulation of
snow and to locate the facies boundaries along an east to west traverse that crossed
the dome at the point of maximum elevation (Fig. 1). In addition, observations of
. mean annual temperature, weather, and trafficability were made. Bihourly measurements of firn temperatures, for periods ranging from 64 to 116 hr, were made·
to 1-m depth at four stations on the eastern slope of the ice sheet.
Several previous investigators (Koch, 1924; deQuervain and Mercanton, 1925;
Sorge, 1933; Expedition's Polaires Francaises, 1948-1951; Schuster, 1954; and
Benson, 1959, 1960) have measured the annual accumulation of snow on the ice sheet;
however, the more recent measurements are mor~ accurate, primarily because of
improved logistics which allow more time at work on the ice sheet.
The ice sheet is a monomineralic rock formation, mostly metamorphic but with
a sedimentary veneer of snow and firn (Benson, 1960, p. 2-3). This veneer varies
in. thickness from 0 at the firn line to 90 m at the crest of the northern dome. In the
area considered in this report, it is estimated to be 45 to 60 m thick.
Four diage~etic facies are recognized in glaciers.* The present study was
carried out almost entirely in the percolation facies except for the westernmost station, which was close to the boundary between the percolation facies and the· soaked
facies.
The data treated in this report' were gathered at 7 pit stations, 38 Rammsonde
stations, and 166 1-m -deep pits to measure firn temperature along 191 miles of trail.
*The diagenetic facies are as follows {Benson, 19S'9-,. 1960):
•'

(I) The ablation facies, extending from the margin of the glacier to the firn
line.
(2) The soaked facies which becomes wetted throughout and extends from
~he firn line to the saturatio,n line (the highest altitude at which the OC isotherm penetrates to the previous summer's melt. surface).
(3) The percolation facies is subjected to localized melt-water percolation
without becoming soaked. This facies extends from the saturation line to
the dry-snow line.
(4) The dry-snow facies includes all the glacier above the dry-snow line.
is entirely ~ithin the -25
isotherm.
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Stratigraphic data are on file at CRREL.
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STRUCTURES. IN THE UPPER SNOW LAYERS OF THE
METHOD OF INVESTIGATION

Location
The traverse trail is shown in Figure 2. The number before the dash represents
the particular traverse, while the number following the dash is the number of miles
£:rom the starting point. Stations on the 53-mile trail segment, bearing 165° from
mile 1-25, are prefixed by the letter "W". An elevation profile of the trail is shown
in Figure 3.
.
The traverse route began 50 miles inland from the east coast, at the break in s~ope
_from the central plateau to the steep {150ft/mile) descent to the sea. The westernmost
station was 85 miles from the west edge of the ice sheet. Forty miles west ot mile
1-138, the ice sheet is extremely wet and is covered by numerous lakes. The wet
condition extends all the way to the western ·margin. Data from project Mint Julep
(Schuster, 1954) are used to provide a data point we.st of mile 1-138. ·
Pit studies
Pits were excavated in undisturbed areas at study sites 25 miles apart for the first
75 miles of the traverse, and 21 miles apart for the last 63 miles. The depth of the pit
was determined by the hardness of the firn. As a general rule, excavation was stopped
when it was no longer possible to insert density tubes into the pit wall. This depth
varied from 110 em at mile 1-138 to 3 60 em at mile 1-25. Cores were taken to a depth
of 10 m in all pits with a standard SIPRE 3 -in. (7. 6 em) auger. Because the days were
warm, muc'p of ~he work had to be done, during the relatively cool nights to prevent
melting of the s:amples before they could be measured and weighed. Since pits were
so shallow, they _could not be covered and worked in during bad weather.
Temperature
Firn temperatures were measured in the pit wall by Weston bimetallic thermometers.
These were spaced at 1 0-cm intervals, except for the first which was 5 em below the
snow surface. The thermometers were accurate to + 0. 5C. They were frequently
calibrated in an ice-water bath, and those with differences of more than + 1. OC were
discarded.

I

I.

Temperatures were measured as the pit was excavated to minimize the effect of
ambient air temperature. When one series of thermometers was read, the last one
was left in the wall to become the first of the next series. In this way, any change in
temperature that occurred during the excavation could be noted. Thermohms {res istance thermom-eters) were used to measure firn temperatures at depths of 4 and 10 m
with accuracies of + 0. 05C.
Hardness
Hardness was measured by the Rammsonde. Measurements were made near the
face of the pit and at 5-mile intervals between pits to aid in stratigraphic correlation.
Profiles extended to a depth of 4 m, except where ice prevented penetration to that
depth.
·
Density
Density measurements were takeri to a depth of 10 m. In the pit wall the standard
500 cm3 density tubes were used. These tubes were inserted into the pit wall and their
distance from the surface measured. They were then cut out of the wall in large
blocks of snow, from which they were carefully trimmed, sealed with rubber caps,
and weighed to within.±. 0~ 1 g. The low precision was due to the large amount of ice.

...

- - - - SIPRE 1959-1960 (Ragle)
Project 36
- - SIPRE 1960 (Davis)

Fi·gure 1.

Map of Greenland.

4!1"

44°

41°

44°

4S0

Figure 2.. Mercator projection of the study
area, based on 66° N latitude. (Compiled ·
from USAF World Aeronautical Chart 85,
1958 edition.)
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.
Below the bottom of the pit, densities were obtained from core samples. The core
was cut in a miter box, measured, and weighed. The length of each piece of core was
determined by individual stratigraphic units in order-to obtain the best possible density
profile.
'
Stratigraphic measurements
Stratigraphic measurements included observati<tns of grain size and,shape and
the amount of cementing between grains; the ice in the section was described in
terms of its quantity and spatial distribution. In order to facilitate and standardize
the measurements, a definite procedure was followed. As soon as the pit was completed,
the walls were smoothed with a dry-wall trowel and brushed with a whisk broom. The
brushing brought out the harder layers into a bas-relief. Density tubes were inserted
so that they crossed as few layer boundaries as possible. When the tubes were in place,
a detailed stratigraphic examination, centimeter by centimeter, was made. The po·sitions of the density tubes were noted in the stratigraphic profile for better control.
Grairi size was measured on a millimeter card. The time necessary for the stratigraphic analysis was approximately l hr/m.
The same type of operation was performed on the core. When the core was put
between one 1 s gloved hands and held up to the diffuse light of the sky, the stratigraphic
discontinuities, based on density differences, became quite evident and could easily
be measured.
Thermal studies
Temperatures were measured bihourly in 1-m-deep pits in order to determine the
rate and amount of heat transfer at abo\].t the time of maximum melt. A new pit was
dug for each profile. Mercury-in-glass thermometers, accurate to .±_O.lC, were
inserted at 5-cm intervals. While the thermometers were stabilizing, meteorological
observations, including temperature, wind speed and direction, radiation, cloud
cover, and surface conditions were made. The observatipns were made at the four
eastern stations for periods ranging from 64 to 116 hr.
STRATIGRAPHIC FEATURES
The study·area lies entirely below the dry-snow line; consequently, the snow is
subjected to varying amounts of melting. _The stratigraphic sequence is altered during
the melt season. The most pronounced features caused by melt are masses of ice
which may be subdivided as follows:
( l) lee· layers, which are continuous
horizontal units with large areal
e-xtent. These can easily be seen
in the pit wall and traced for some
distance between pits by Rammsonde.
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(2) Ice lenses, which are ice masses
.. that pinch out laterally in relatively short distances.
(3) Ice glands, which are vertical pipelike features usually found either
ending or originating in an ice lens.
Smaller-scale melt features are also present. Rough measurements indicate that
between 60 and 1 OOo/o of the grains have undergone melt alteration and cementation. This
may vary from rounding of edges and aggregation of three to four grains into clusters,
to severe melt action that makes the whole layer into a hard but porous mass, or, in
extreme cases, into an ice layer.
Melt water is transferred from the surface downward through percolation channels.
In areas of intense melt, however, the entire firn mass becomes wetted. Melt water
percolates downward and spreads out laterally along certain layers. The melt channels
can penetrate locally into snow of sub-freezing temperatures (Benson, 1959, p. 1 7).
Sverdrup (1935, p. 35) found frozen melt-water channels on Isachsen 1 s plateau.
Grain size
The grain size of the firn was measured using the International Classification of
Snow Grain Size (Schafer, Klein;, and deQuervain, 1951). The medium-grain size
range was divided to provide a more sensitive parameter (Table I) •.
Table I.
Symbol
vfg
fg
mgl
mg2
cg
vcg

Classification,of ,grain· ·size.
Term
very fine grain
fine grain
medium grain 1
medium grain 2
coarse grain
very coarse grain

Size

< 0.5 mm
0.5-1.04lm
1. 0-1.5 mm
1. 5-2.0 ;¢m
2. 0-4. 0 irim
> 4.0 mm

In areas of high melt, st'rata composed of fine-grain particles are rare, and
strata composed of coarse-medium grain and coarse grain predominate. The fine-grain
range is not entirely lacking, however; it is most common early in the season before ·
the melt becomes intense.
Grain shape
The shape of the snow crystals in the study area varies from angular to rounded
with hexagonal cup-shaped crystals forming by sublimation. The angular grains are
usually found only in winter snow or as hoar-frost crystals. Where there has been
melt action, grains seem to be cemented into clusters. Depending on initial grain
size, clusters may range in size up to 5-to 6-mm diam; most clusters of medium-grain
firn are 3-to-4-mm diam.
Sublimation crystals form at or near the surface. They are caused by a vapor
migration in response to a temperature gradient. In areas of high surface temperature,
like the study area, sublimation crystals on the. surface are a common feature. As
fall begins, the moisture migration is large in the upper layers. Seligman (1936, p. 107)
observed the loss of material from snow by wind in addition to redistribution. These
two processes account for the formation of a low-density layer of snow that is found
in the fall portion of the annual unit. The thickness of this layer increases with the
average summer firn temperature. In northern Greenland, at higher elevations, the
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author observed the layer to be quite well defined; in South Greenland the processes
act for a longer time and increments up to 40 em can have a significantly lower density
than the rest of the year's accumulation.
Wind slab was rarely found along the traverse route in South Greenland, because
melt destroyed it before it could be preserved by burial. The only occurrence of wind
slab was in the fall of 1959 at station mile 1-50, elevation 2449 m.
Crusts
Crusts are 0. I-to 0. 3-cm thick and are formed very rapidly on the surface and then
buried by snow. There are two types: (1) wind crusts, composed of layers of fine
grains that are rounded, firmly cemented, very hard and caused by wind packing, and
(2) radiation crusts, which are similar in appearance but are fine-ice layers, not
snow grains. Radiation crusts are formed by intense solar radiation on cold days
when ·melting is slight, and give the surface a glazed appearance.
DISCUSSION OF RESULTS
Temperature
A useful relationship for determining facies boundaries is a plot of isotherms at
the time of maximum melt conditions in the first few meters below the snow surface
as a function of altitude (Fig. 4). The curves for 77. 0°N and 70. 4°N are from the
west slope of the ice sheet (Benson, 1960, p. 1 06); the curves for 66. oo N represent
the altitude-temperature relationship across the southern dome. Figure 4 clearly
shows the l;a.titude effect on temperature. The relationship explains why the dry-snow
facies pinches out to the south, along the crest of the ice sheet.
Altitude gradient. The mean annual temperature of the air at the snow surface
is the same as the temperature of the firn at the depth where the yearly temperature
oscillation approaches zero. Mean annual temperature is measured· at 10 m, where
the variation is less than + 1. OC.
The altitude gradient in the firn is IC I 100 m on the west slope and varies from
1.4C/100 m to 1. 7C/100 m on the east slope (Fig. 5). The gradients are at or above
the dry adiabatic lapse rate and thus exceed the free air laps~ rate. A reasonable
·explanation for the high gradients is that the prevailing condition of cold air drainage
from the interior (katabatic winds} controls the temperature of the snow below it.
Other factors causing deviation in the gradients are discussed by deQuervain and
Mercanton (1925} and Benson (1960).
·Latitude gradient. The latitude gradient can be determined by comparing
mean annual tebperatures of stations at similar altitudes but different latitudes. The
west coast meteorological stations are all within 35 m of sea level and give a gradient
of IC /degree latitude north of 69°N and O. 8C /degree latitude south of 69°N. Mean
annual temperature measured at 2000 m above sea level on the ice sheet also gives a
gradient of IC/degree latitude north of 69°N (Benson, 1960, p. 121). The gradient
in South Greenland, 2200 m above sea level, was determined to be 0. 7C I degree
latitude. This is in close agreement with the values from the coastal stations.
Ragle (Ragle and Davis, 1962) has presented an empirical relationship for the
mean annual temperature distribution above 1800 m altitude and between 62. 6°N and
67°N. The best least square fit for the data is:
T = 48.41 - 0. 523(L) - O. 014(E)

(1)
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where,
T is mean annual temperature in

oc

L is latitude in degrees and tenths of degrees
E is elevation in meters.
The coefficients of L and E are the latitude and elevation gradients. Calculated
temperatures agree-fairlywell with observed values, and deviations from the empirical
equations are greater at lower elevations (Table II).
Table II.

Observed and calculated temperatures on the southern dome.

Station

Elev(m)

Obs. Temp.

(C)

Calc. Temp.
(C)

Difference between
obs. and calc. temp.

(C)
2226

-16. 1

-16. 9

-0. 8

2444

-19. 1

-20. 0

-o.s

l-50

2449

-J 9. 9

-20.3

-0.4

1-75

2429.

-20. l

-20.2

-0. l

1,f0
l-25

:

Heat exchange. The thermal state of the firn at several stations was computed.
The cold content at each station is the amount of heat required to raise the temperatul')e
of a column of snow and firn of unit cross section to OC.' Here, the curves of the minimum
cold content (Q min) have been computed by the summation of increments of ~Q over
20-cm increments of depth, ~z, using the equation (Benson, 1959, p. 58):
~Q

(2)

=meT

where,
m is mass in grams of the 20 cm3 volume
c is O. 5

cal/ g -

oc

T is average temperature •
The daily heat exchange in the first meter of the firn cannot be computed using
cold contents because there is too much heat involved in phase changes.
The· small range of Q values (Fig. 6) for stations mile 1-0, 1-25, 1-75, and 1-117
suggests that the stations are all in the same facies. The curve for mile l-138
is shown at its value before the time of maximum melt conditions. Four days after the
temperature profile for mile 1-138 was measured,. melting had reached at least 75 em
into the firn. The party was evacuated at this time and no more measurements could
be made.
Distinct s~ratigraphic features, such as ice layers and the low density layer found
in the fall, can be traced along the traverse route, reducing the chances of error in
the stratigraphic correlation. They also give the investigator many more data points
with which to locate stratigraphic boundaries. Secondly, ram profiles can be used
for facies location.
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Figure 5. Temperature 10 m below snow surface plotted as a function of altitude.
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Figure 6. Cold content in the first 4 m of the firn at five stations.
The firn temperature at station mile 1-138 was still rising when the
party was evacuated on 8 August.
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Hardness R is generally integrated over 1-m intervals
z
·R =
R dz
0

(3 >.

from the surface to whatever depth the profile extends. The integration represents
the ainount of work required to penetrate from the surface to the integrated depth.
Figure 7 is a semi-logarithmic plot of Ras a function of distance along the trail. The
increase in Rfrom mile 1-127 to mile T-138 seems to indicate a large amount of ice
in the sectio~. This may be where the trail crosses from the percolation to the soaked
facies, as is borne out by other evidence.
Depth-density relationship. The average depth-density curves (Fig. 8) show
that dtmsification is more rapid in ar~as of higher melt.
The detailed depth-density plot is used for stratigraphic interpretation. In general,
winter layers are denser than summer layers. In the winter there is little melt and
the grain size is finer, making pack-ing tighter and density higher. In the summer the
grains tend to become larger, making a loose, less dense material. ·In places, the
firn was so loosely bonded that it was impossible to get a complete core density profile~·
In these cases, the density was estimated as well as possible from the core length
directly above or from one with a similar consistency.
·
The stratigraphic interpretation is based on the low-density layer which forms at
the top of the summer increment. In each area of the ice sheet, based on latitude and
elevation, the time the discontinuity forms is fairly constant. The low-density layer
for~s more rapidly in the north and is better defined there than in the south, but since
only the top of the layer is used, its thickness is of little importance.
Depth-load relationship.
increments:
·

Integrating the depth-density curve over 20-cm

(4)
where
<r

is load

p is density

z is depth,
gives the depth-load curve needed for analysis of the water content of annual layers
(Fig. 9)". After determining annual layers, an average value of HzO equivalent per year
is obtained. Accumulation is then assumed constant at this value and a series of
depths are determined which corres}Dnd to the computed load values. These depths are
related to time by a smooth curve (Fig. 1 0}. The vertical distance from the points to
the curve represents the deviation from the mean. Deviations from the mean are to
be expected since the accumulation is not constant year after year. A data point conspicuously out of place means either that an error has been made in the determination
of the annual layer or that the point represents a year with abnormally high or low
accumulation. If the latter is borne out, it shows up to a greater or lesser degree in
adjacent stations. Trends noted in this study were: 1956 to 1960 precipitation was
higher than the mean, and 1948 to 1955 precipitation was lower than the mean. The
higher than average values are best illustrated on the eastern end of the traverse;
the lower precipitation figures· are more pronounced to the west. This situation exists
because the precipitation source is to the east.
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Figure 7. Integrated ram hardness profile along the trail for four 1-m intervals,
R , Rz, R 3 , and~· The nearly constant values of Rfrom mile 1-0 to mile 1-127,
1
suggest that the area covered by that part of the trail is in a single facies. The rapid increase in R values west of mile 1-127 is interpreted as the beginning of the
soaked facies. The elevation of the saturation line, whic"'h delineates the percolation
and soaked facies' is 2000 + 1 00 m.

Densification. An explicit relationship between depth and density derived by
.Benson (1959, p. 41) is:

z

1
=---mpi

(5)

where,
K =Eo + ln Eo
p., ... p
·1
E0

-

0

= void ratio of firn of density p

Po
= void ratio of firn of density p

E

p0 =

0

o. 392

g/cmZ ·

m = parameter depending on the mechanism of
compaction. It is a function of temperature, rate of accumulation, and type of firn.
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PURE ICE DENSITY

Figure 8. Depth-density values for stations mile 1-0, mile 1-50, and mile 1-138-.
Miles 1-0 and 1-50 are in the percolation
facies while mile 1-138 is at the saturation
line and therefore siinilar to the rest of the
stations. The curve was computed (using
eq 5) from mile 1-0 data which approximate the average conditions found on the
traverse. The slopes of the depth-density
curves for the soaked facies are twice as
steep as the curve for mile 1-0.
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DEPTH BELOW THE SNOW SURFACE,M
On the southern dqme, at station mile 1-0~ the values of m and Po. between the snow
surface and the critical depth* are:

Po

= o. 392

m · = 2 0. 0 x 1 0 - 4

g I em z •

This value is strong evidence for the location of the study area in the percolation facies
because it is so close to the 16.0 to 18.0 x 10- 4 g/cmZ found by Benson (1960, p.l39)
in the percolation facies in other parts of Greenland. Values for the soaked facies are
twice as high (3 7. 5 x 1 o- 4 g/ cmZ) as those found in the percolation facies.
Higher m values in the depth-density relationship indicate more effective mechanisms
of densification.
Stratigraphic

~nalysis

The Greenland ice sheet is one of the world's largest natural accumulation gages.
In terms of water equivalent, all the precipitation that falls is retained, with the exception of loss due to evaporation and runoff below the firn line.
Figure 11 shows the pattern of accumulation along the traverse. The greatest
amount of precipitation falls on the eastern slope because cyclonic storms from the
Icelandic low-pressure area move onto the ice sheet from the east or southeast. As
the air rises, it cools with subsequent conqensation of water vapor and precipitation.
Large amounts of water vapor are available for precipitation because the relatively
warm air has just crossed open water in the North Atlantic Ocean and the Greenland
Sea. Other factors inducing large amounts of precipitation are the steepness of the
slopes and the intense nature of the storms.
*The critical depth is the depth at which .. a discontinuity occurs in the rate of densification of snow and firn (Benson, 1959, p. 43).
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Figure 9. Depth-load curves for the seven pit stations. The load values represent an
integration of the area under the depth-density curves. The good correlation of depthload values with altitude indicates that the rate of densification increases with decreasing
altitude.

:E

(.) 400

19!56

19!55

19!54

19!53

YEAR
Figure 10. Computed depth-time curves for ~he stations. Accumulation is assumed
constant and the data poin~B are compared with the curves. More recent years ,Seem
to have a greater accumulation than the mean while the earlier years are at the mean
or sli'ghtly below.
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Figure 11. Isometric (30°) s tmtigraphic section whi_ch summarizes the accumulation
data, summer 1960. The accumulation at W-53 is based on Rammsonde data and unpublished pit data (Ragle, 1960, personal communication). The actual depths of each
year are on the stratigraphic data sheet on file at CRREL.

The line of maximum precipitation lies at some p:lint below 2000 m elevation on
the east coast (Fig. 12). The value of 90 em of H 2 0 equivalent per year for Angmagssalik, in southeast Greenland, is undoubtedly low because the measurements are made
with rain gages with low catching efficiency, especially when collecting blowing snow.
There is a decrease in precipitation above the maximum line because most of the
moisture has been condensed•. When air masses reach the top of the ice sheet and
start down, they are warmed at the dry adiabatic lapse rate of 1 OC /100 -Jil· This causes
a sharp decrease in accumulation which may constitute a precipitation shadpw beginning
at mile 1-65. For this reason, large amounts of precipitation do not occur on the
•
west coast; however, some cyclonic storms, after moving north along the west coast,
cross through the saddle between the north and south domes and account for part of
th_e precipitation on the west slope.
The annual increments of snow were determined by using density, hardness,
and stratigraphic data. In some instances, especially at mile 1-138, it was difficult
to determine more than the last few years1 accumulation with any real certainty" because
the stratigraphic section was masked by intense melt action. ·Melt sometimes destroys
the entire section, but occasionally part of a wl.nter layer is unaltered by melt, allowing
a check on the. <iorrelation over short distances. In South Greenland, it is not a good
practice to try to determine annual layers on the basis of ice for two reasons. First,
the general abundance of melt means that melt evidence in itself is not a critical
pa.;rameter; and, secondly, a large ice layer can form in a relatively short time and
need not be very large in areal extent. Also, the weather varies rapidly over short
horizontal distances. Table Ill gives the mean annual accumulation at the study pits.
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Table III.

'Station ·

Location

Annual. accumulation at study

Elevatio}
(meters

Temp at

pits~

Mean
annual
accumulation
.(g/ em)

lOrn

(c)

Years
of
record

65°13 'N
4:3° oo•w

2226

-16. 1

98.7

4

65°1 i. 7 1N
43°47. O'W

2444

-19. 1 .

78.8

5

1-50

g9o 33'N
44o 08 1W

2449

-19.9

76.8

5

1-75

65° 51 1N
44°37 1 W

64.0

6

1-0

1-25

•

•

'

2429

-20. 1
_,

1-96

66°03 1N
45o 09 1W

2320

-19.2

36.8

6

1-117

66° 16 1N
45°42 1 W

2206

-18.0

39.5

11

1-138

66° 27. 7 1 N
46°14. o•w

2083

-16,2

40.4

11

Facies relationship
The parameter m-from the. depth-density eq 5 indicates that the study area is in
the percolation facies. The m valnes for all stations on the traverse, including mile
1-138, are close to 20.0 x 11J"4 g/crn 2 • ·Mile 1-138, although considered to be in the
soaked facies·, is so close to the saturation line that the value of rn is not significantly
higher than that of the rest of the stations. The soaked facies has an rn value approximately twice as great as that of the percolation facies (Benson, 1960, p. 139).
Figure 13 is a composite plot of the average depth-load curves from Greenland
and North America. The curves for all stations in this report, except mile 1-138,
fall in the percolation facies. Depth-load curves for stations mile 1-0 and mile 1-117
lie in the gap between the percolation and soaked facies, whereas the curve for statim
mile 1-138 falls just within the soaked facies (Benson, 1960, Figure 45 ). Station
mile 1- ~ 38 lies at or near the saturation line, which is a fairly broad zone (appr.oxirnately
20 miles) in this area.
At station mile 1-138, during the time of the pit study, the OC isotherm only
penetrated to 10 ern. The following week, near the peak of the melt season, the. snow
became very wet and soaking penetrated at least the top 75 em of the snow. This
indicates that the saturation line is between mile 1-117 and mile 1-138, or at 2100±
100 rn on the west slope. At elevations below station mile 1-138 (2083 rn) the snow
cover is obviously completely soaked. The saturation line on the east slope was
approached but not reached.
·
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Figure 13. Depth-load curves in relation to diagenetic facies. The large increase
in load from mile 1-117 to mile 1-138 indicates a transition to the soaked facies.
Data from other investigators show the ranges for the soaked and dry snow facies.
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The integrated Rammsonde curves (Fig. 7} show that the values .increase rapidly
west of mile 1-ll 7. The rapid rise in R values is caused by the greater amount of ice
encountered in the section near or below the saturation line. In this particular study,
the ram hardness data do not show a clear-cut discontinuity at the saturation line.

CLIMATOLOGICAL ASPECTS
Two important factors influence the climatology of the southern dome: the large
amount of cyclonic activity in the area of the Icelandic low pressure area; and the fringe
of high mountains, which is only breached in a few places.
Cyclonic disturbances, moving east from northeastern North America, have two
possible routes. They may move east, skirting the southern tip of the island, and then
into the Greenland Sea. In this case, the direction of the storm is influenced by the
Icelandic low-pressure area and the storm is able to penetrate the ice sheet in the
area south of Angmagssalik where the fringe of mountains is absent. North of Angmagssalik there is a mountain barrier more than 3000 m high. This includes Mt.
Fore!, 3358,.,m, and the Watkins Bjerge, 4000 m. Georgi (1933, p. 344) described
Greenland a's aq uninterrupted wall 2200 km long in a meridional directio*, higher than
2000 m. This "wall" separates the most active parts of the air masses east and west
of Greenland.
. Cyclonic disturbances of the ice sheet are not rare. During conditions of weak
polar easterlies, strong zonal flow at high latitudes favors frontal assaults. According
to Dorsey (1945, p. 141), most cyclones cross in early winter, but they can cross any
time. The trough between the north and south domes is pr9bably a major cross-over
point for ·storms,.. This trough and the highlands to the north were the sites for the
wintering stations for three expeditions. Synoptic weather observations h·ave been
published for two of them: The British Arctic Air Route Expedition (Mirrlees, 1934}
and the Exp~ditions Polaires Francaises (Bou~h~, 1954) for the Frenc~ Central Station.
1960 meteorological observations
Synoptic observations were made at 1 ZOO, 1800, and 2400 hr Greenwich Mean Time.*
Local time. is G. M. T. minus 3 hr at the 45th meridian. Standard temperature, wind,
pressure, radiation, cloudiness, and visibility measurements were recorded.
Temperature. Daily air temperatures, from the last week of June to the first
week of August, ranged between -19. 5C and+ 1. 7C with most values (75%) in the -lZC
to .-·sc range. In August, most of the daily maximum temperatures were higher than OC
at station mile 1-138. The diurnal range was 15 to Z5C. Inversions up to 500 m thick
were common in calm weather (see Wexler, 1936, p. 122-126}.
Wind. A Brunton compass and a hand-held velometer were used to measure
the wind direction and velocity. The direction was approximated by observing the direction that a flag was blowing and then checked with the velometer for maximum wind
velocity. Only two short periods of calm were noted during the observations. The
maximum wind of constant velocity was 25 mph with occasional gusts to 35 mph.
Such observations are in contrast to Mirrlees (1934, p. 16-18}, who reports numerous
wind velocities of 40-60 mph in the fall and winter months.

*Meteorological data

sheets. are on file at USA CRREL.
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Along the trail from mile 1-0 to mile 1-25 and from mile 1-25 to mile W-'53,
extremely sharp contacts between areas on the surface which '.vere covered by delicate sublimation crystals and areas swept clear were encountered. The area that has
been "swept" is believed to have been subjected to shear winds, which are parcels of
air that are transported downward from their normal altitudes by vertical eddies.
Wind velocity differences of 15 mph over sho~t horizontal distances have been observed
in Antarctica {Charles Wilson, 1961, personal communication).
Barometric pressure. It was noted several times that just before the onset of
a cyclonic storm, the barometric pressure rose 10 mb instead of dropping as the
center of the low-pressure system approached. This rise ·in pressure corresponds to
a decrease of 100 m in pressure altitude. The surface air temperature re·mained
essentially the same during the period so the rise was not due to instrument variation
with temperature or to air density changes because of air temperature changes. Pressure distribution maps of the British Arctic Air Route Expedition (BAARE) show definite
convergence aloft. The horizontal convergence aloft would give rise to vertical divergence, resulting in a pressure rise at the ground. Stronger than usual convergence
is not difficult to visualize as a low-pressure trough approaches, and the author believes this to be the cause of the pressure rise.' After the frm.t passed, the barometric
pressure began to fall, following the normal pattern.
Radiation. A small photoelectric radiation meter was used to make direct
and reflected radiation measurements. Logistic difficulties prevented the utilization
of a more refined instrument. On clear days, maximum incoming radiation values
reached 1. 90 langleys /min (g-cal/ cm 2 /min) with reflected radiation as high as 1. 50
ly/min. These .values correspond to an albedo {percent reflected) of 80o/o.
Cloudiness. Cloud cover was estimated in tenths and cloud types were noted.
Mean daily cloudiness for the period was in excess of four tenths. Cloud types were
mostly st-ratus, altostratus, and alto~umulus, but occasionally nimbostratus buildups
were obse.rved with subsequent rain or graupel precipitation.
Visibility. Visibility was difficult to measure because there were no objects
of known distance from camp. Consequently, when the horizon was visible, the visibility
was noted as 15 miles, and lower estimates were recorded as the weather deteriorated.
The two causes of poor visibility are fog and blowing snow. Fog occurs almost daily,
usually beginning just before sunset ahd dissipating shortly after sunrise. It is caused
by the condensation of the large amounts of water vapor evaporated from the snow
during the day. This condition is a.lso responsible for hoar-frost deposition on both
subjects in camp and back on the sriow surface. Blowing snow is less common in summer
on the southern dome than in the north, because the greater melt action tends to wet
the surface of the grains and makes them more difficult to move. Blowing snow usually
occurs after new accumulation, although large grains may move by saltation if there is
a wind of high enough velocity.
THERMAL STUDIES
Thermal studies were made to determine the heat transfer in the upper layers of
snow during approximately the time of maximum melt conditions. The temperature at
any depth is a function of conduction, incoming and outgoing radiation, latent heat exchanges involved in phase changes, and con·vective transfer of heat by air moving
through the snow. T.he number of processes functioning at any one time, and the relative effectiveness of each is quite variable, depending on the time of day, time of year,
prevailing meteorological conditions, and location.
Several points are illustrated by the data.* The diurnal temperature wave is almost
completely dampened by the time it reaches 35 em.
This penetration takes
'1.-

,. On file at USA CRREL.
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7 or 8 hr. Below 35 em the wave has an amplitude less than l. SC, whereas the
surface amplitude may be as much as + 8C. A discontinuity in the isotherms occurs
at about 80 em. According to Bey (Mantis et al., 1951, p. 79~- 80 em is the depth at
which solar radiational" heating becomes ineffective. Since solar radiation itself
has only 1. So/a of its surface intensity at 35 em_ (Rikhter, 1954, p. 27), the temperature
differences at 80 em must be due primarily to convection from the part heated by strong
solar radiation. An excellent example was record~d at mile 1-0 on 18 July, between
1200 and 2400 hr. The -9° and -10° isotherms shifted downward in the snow and, as
the sun set, the isotherms rose ZO em closer to the surface. In general, the temperature at 100 em below the surface is nearly (within 2 hr) in phase with the surface
temperature.
The heating and cooling waves are more intense at higher elevations and on clear
days because radiation-al heating is more effective at higher elevations and there is
less melting. Cloudiness and melting are two factors which can cause smaller subsurface
gradients. On cloudy days (ten tenths cloud cover) only Z4o/o of the radiation available
on clear days reaches the' surface and only 19% of this can be reradiated back into
space (Hoeck, 1958, p. 32'-34). The lower radiation exchange means the heating will
be spread out over longer ·periods of time. Water from melting decreases the intensity
of the nocturnal cooling wave because of the large amounts of latent heat involved in
changing the liquid back to solid again. Melting at depths of 5 to 15 em was not uncommon.
The rapid and large changes in snow temperature are due to convection. If the
effects of convection, radiation, and conduction are combined into an "effective
conductivity" its value is of the order of 4 to 6 x 1 o-3 cal/ sec-crn-C which is. about
10 times higher than measured values of the-rmal conductivity (Mantis, et al., 1951,
p. 54-55).
-SUMMARY AND CONCLUSIONS
There is a large amount of snow accumulation on the southern dome of the
Greenland ice sheet, and the thickness of the annual units decreases from 96 em of HzO
in the east to 40 em of HzO in the west. The air masses that are the source of the
precipitation have a high moisture content and are warm since they cross the open water
of the Greenland Sea immediately prior to m'Oving over the ice sheet. The moisture is
condensed rapidly as the air masses ascend the east slope of the ice sheet because the
storms are intense and the slope of the ice sheet is steep (150ft/mile). The line of
maximum precipitation lies east of mile 1-0 (Fig. 12. ).
The· -cyclonic disturbances that cause the precipitation come from North Arne rica ·
and move into the Icelandic low pressure area, just southeast of the southern dome.
The high (over 2000 m) mountain barrier along the east coast of Greenland is breached
for 150 miles to the south of Angmagssalik and the storms move west onto the ice sheet
through this- gap.
Some of the snow accumulation on the west coast of th{ southern dome is the result of storms that move from west to east through the slight saddle between the north and
south domes. This saddle is approximately ZOO m lower thari the crest and 100 miles
wide. It is the only break in the crestline of the ice sheet.
Temperature measurements were made in the firn immediately prior to the time
of maximum melt. The altitudinal gradient of lC /100 m is induced by the prevailing
condition of cold air draining from higher elevations and warming at the dry adiabatic
lapse rate. This air drainage is the origin of katabatic winds. The latitude gradient
in the study area is 0. 55 to 0. 60C /1 o latitude. Ragle (1961) used the overall altitude
and latitude gradients to determine the mean annual air temperature on the ice sheet,
between 62. 6°N and 678 0°N above 1800 m altitude:
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T

48.41 - 0. 523(L) - O. 014(E)

where

T is mean annual temperature in

oc

L- is latitude in degrees and tenths, and
E is elevation in meters.
The study area, between mile 1-0 and mile 1-117, is considered to be in the percolation facies. This consideration is based on the soaking of the firn at mile 1-138
and the lack of avidence of complete wetting at rriile 1-117. The large_ ci:mount of
melt at mile 1-138 increases the load ValUeS to within the -.)Xpected limits of the soaked
facies (Fig. 13)~ The saturation line, which is the facies boundary, is between mile
1-117 and mile'l-138 at an elevation of 2000
100 m above sea level on the west
slope of the ice sheet.

+

The dry""snow facies does not occur along the route of the present traverse. This
facies is limited to the area bounded by the -25C isotherm and pinches out along the
crestline at a point 200 miles north of the study area (Benson, 1960, p. 126).
The climate of the southern dome is polar maritime, at least east of the crestline.
The annual accumulation values and the mean annual temperatures there are higher
than they are in areas with a more continental climate.
Shear winds· are relatively common a4d are reflected by the patterns of sublimation
crystals on the surface. The lack of sublimation crystals on the surface in many
areas may ·be the reason shear winds are not recognized more frequently. Evidence for
shear winds was seen more often east of the crestline than west of it.
A spasmodic and transitory rise in barometric pressure for a 24-hr period preceding a cyclonic storm was observed. Mirrlees (1934} computed average upper air
pressure distribution which shows conve!gence aloft over the ice sheet. Horizontal
convergence aloft would cause a vertical divergence in the air column below it, which
would be reflected at the surface by a barometric pressure rise. The pressure rise
before a cyclonic storm is interpreted as a strengthening of the converge·nce aloft
as the low-pressure trough approaches. The barometric pressure decre~sed, as is
normal, after the front' passed.
Only a range can be given for "effective therm.al conductivity," which represents
the sum total of the heat transferred by conduction, convection, and radiation. Valu~s
resulting from this study were 4-6 X l0- 3 cgs, i.e. about 10 times greater than
measured values of pure conductivity.
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APPENDIX A:

METEOROLOGICAL FIELD NOTES

Daily weather summaries are not in tabular form because the data, taken at many
points along the trail, have more meaning when presented in short, concise paragraphs
out-linirig the daily weather. Below is a glossary of the abbreviations used in the summary.
Directions
005° - azimuth in degrees·, true heading
Clouds
St - stratus
Sc - stratocumulus
scud ~.low wisps of stratus
As - altostratus

Ac
Ci
Cs
Cc

..
-

altocumulus
cirrus
cirrostratus
cirrocumulus

Wind
to back - counterclockwise wind shift
to veer - clockwise wind shift
Visibility
CAVU - ceiling and visibility unlimited
Mile 1-25, elev. 2444 m
1 JulJ. Weather bad but the visibility increased from 1 I 4 to 4 miles and the sky
became 9 10 with the clear area 005° vertic-al on the northern horizon for 90°. The
wind was 2 mph and backed from 90° to 260°.

2 July. Horizontal visibility reached 15 miles at 1500. It was only 8 miles at 0900.
The wind veered to 120° at 0900 and backed to 320° by 2100. The barometer dropped
and the sky remained 9 I 1 0 all day.
3 July. In the early morning the visibility was 1 mile and the sun obscured by
10110 St. At the 0900 observation, however, the sky was clear to the north and east.
Visibility increased to 10 miles, but the overcast obscured the sun all day except for
1.0 min. Wind was steady from 300° at 6 mph.
Mile W-53, elev. 2493 m
4 July. Wind at 0900 from 120°, backed to 220° at 1500 and to 120° again at 2100.
The sky was 5-7/10 (St, Ac,, As). Visibility 10-15 miles. The barometer rose. slowly
during the day and temperatures were ,_lC to -5C.
5 July. At 0300 there was 1.0110 cloud cover (As), but at 0700 only a few Cu and
As remaiq.ed on the horizon (3 60° ). The clouds seemed to begin to close in again at
0930. At:the 0900 'observation there was no wind and the radiation temperature wa$
very high.'· By noor~ there was 1 Ol 10 cover with the greatest amount of cloudiness in the
east. The temperature remained above -2C all day. After 1800 the temperature dropped
to -1 OC and there was some ground fog.

6 July. Cloudy in morning but 5110 St, Ac by noon. Cloud cover moved off to the
west by 1500. Clear until 1800 when ground fog was encountered moving north at 4 mph.
Foggy until 0500 on 7 July. Wind 10 from SSE and SE. Visibility 15 until 1800, then
less than 114 mile. Hoarfrost deposited from 1700.
Miles 1-25, elev. 2444 m
7 July. 5 I 1 0 C u, Ac and 1 0 mph winds all day from SE.
visibility to less then 112 mile and deposited hoar.
~.--------

Ground fog at 1 700 reduced

A2

APPENDIX A

8 July. Heavy ground fog was still present from previous night. It was quite windy
{15 mph). The fog dissipated rapidly at 1000 and only 3/10 Ac remained in the sky.
9

July.

Scattered cloudiness with light winds from the W and NW.

Visibility 15 all

day.
10 July. Hoarfrost and fog from 2400 to 0630. Winds light from NE. There were
few clouds, mostly on the horizon during the morning. Some Ci moved in arrl remained
all day. Nothing visible backed them up. The night ice fog did not begin to come in
until 2400 ..
11 July. CAVU all day. The wind was 6 mph from the west. There were a few Ci
and As on the western horizon. Fog at 2100 and the temperature dropped to -29C.
12 July. High winds from the east all day. Some low scud in the morning but only
3-4/10 Ci during the afternoon. In the evening some black Ac and As moved in from the
east. Fog at 2200.
13 July. Fair this morning with Sc and As. At 1400 10/10 As.
1500. Wind calm to moderate and from the east.

Sun not visible after

14:,July • Poor visibility this morning with 1 0 I 1 0 cloud cover. Cloudiness decreased
to 2/10 by 1200 but increased to 10/10 by 1800. Wind constantly from the west- calm at
0900, increasing to 12 mph at 2400.
Mile 1-0, elev. 2226 m
15 July. Warm with scattered clouds. A cloud bank remained on the western horizon. St and Cu clouds broke from it and passed over. During the day, the wirid veered
sharply fron NW to NE to S. Fog was present alternately during the evening.
16 July. Wind 10-16 mph from the west. Sky broken to scattered Ci and Cs with
solar halo. The N and E horizon remained clear most of the day. Maximum temperature
-3C.
17 July. Wind light to moderate from west. Sky variable, 2-7/10 Cs and As.
e rature -2C to -5C most of day. Clouds still on western horizon. No fog tonight.

Temp.-

18 July~ Sky 1-3/10 Ci in north and west. Maximum temperature -2C. Intense solar
radiation caused sublimation crystals to form a 1-cm layer on the surface. Wind light
frqm the west, veering into the NEat 1300. Wind shift very rapid. Veered to S, then
SW and W by ·2400. This shift slower.
19 July. Windy and cloudy all day. Snow began falling at 1000 and continued throughout the day. Wind shifted from west to east and back to west. Wind dropped at 2000
and sky began to break up but still 10/10.
Mile 1-25, elev. 2444 m
20 July. High winds and broken sky (low Sc) in morning. Cleared rapidly at 1030
but considerable amounts of sno·w blew all day. At 1700 a large cloud bank was observed
moving east a few miles south. It gave fog but slid southeast out of range. Fog from 2200.
21 July. Blowing snow, moderate winds from NW and broken to scattered clouds.
Sunshine all day. Fog from 2100.
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22 July. CAVU with cairn to light winds all day from SE. Sastrugi pattern shows
that the prevailing wind is frorr the NW. Fog came in at 1930 but dissipated by 2200.
Temperature dropped rapidly to -22C at 2400.

23 July. CAVUWith high winds most of day. At 1730 fog moved in from the west
but was thin and dispersed. Excellent solar halo with double sun and sun pillar in
afternoon. By 1900 a cloud bank was visible to the north and moved in rapidly. As it .
reached our location the temperature rose rapidly from -12C to -7C. The wind was 20
mph+. The overcast at 2300 was 10/10 St but thin. The horizon was visible for 360°.
Barometer steady. Minimum temperature previous night was -23C.
24 Juir. Sky cover broken all day. Between 1000 and 133 0 the sky was 6-7 I 10 with
clear areas in the As but after 1330 the sky became 9/10 wit!). only the east horizon clear.
Temperature was in the -BC to -5C range all day. Wind was light to moderate from 340o.
25 July. Sky 9/10 all day. Temperature -BC to -5C and wind from NW. Very few
clear areas, sun's disk seldom visible. Light snow flurries during the afternoon. At
lBOO the sky broke to the W and- SW but this area closed in by 2000. The east horizon
was ~gain clear. At lBOO a large bank of Sc was on theW hori~on but did not move in.·
26 July. Light winds and 5/10 clouds this morning.
evening. Fog at 2300; temperature -17C.

Wind 2 mph and sky clear by'

Mile 1-75, elev. 2429 m
2 7 July. Clear, cold, and windy.; Wind 1 0-12 mph _from 120°. Sastrugi show prevailing wind direction is from 300°. Few Ci moved in and barometric pressure rose
4mb rapidly. This usually means a storm will move in within 24 hr. The elevation /at
mile 1-75 is approximately 3 00 m lower in pressure altitude than the altitude shown on
·World Aeronautical Chart B5.
·
28 July. CAVU with light winds.
east at 6 mph.

Temperature between -12C and -5C.

Wind from

29 July. Morning was mostly clear except for. a few Cs and Cc. As and St moved in
rapidly at 1200 and the temperature rose from f4C to +lC in 30 min. At 1400 precipitation
(rain and snow) began and by 1500 precipitation \vas heavy. At 1530 precipitation ceased
and the clouds thinn·~a. At 1700 graupel began to fall and precipitation was light for ·the
rest of day. The wind shifted from S to W and increased from 5 to 10 mph. Clear areas
appeared on different parts of the horizon on and off. This weather sequence is typical of
a squall line and a warm front. Frontat'passage was at 1300, when the wind shifted.
Mile 1-96, elev. 2319 in
30 July.. Warm with light snow and rain. Freezing rain at 2000. Intense melt because of +lC maximum temperature and rain. Wind calm, then light from NW. Sky
cover broken between 1100 and 1200 ~ut 10/10 St the rest of the time.
31 July. 10/10 Stall day until 2000 wheri the wind shifted to the east and the cloud
cover moved off. The temperature dropped rapidly from -BC to -23C .
Mile 1-117, elev. 2206 m
1 August. At 0300 the sky was 1/10 Ac with moderate SE winds and light blowing
snow. As the day wore on the cloud cover increased as did the wind velocity and amount
of blowing snow. By 1800 there was 10/10 St cover and visibility was less than 1/4
mile because of the blowing snow.
2 A~gust. High (25-35 mph) winds and heavy blowing snow today. The temperature
was -IOC to -5C and the sky was 9-10/10 St during the period. The wind was from the
SE and caused large drifts around camp. Visibility was poor.
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3 August. High clouds in the morning with some Ac during the afternoon, clearing
in the evening. Wind from the SE, light to moderate. Little blowing snow today. Maximum temperature +2.C. Intense melt.
Mile 1-138, elev. 2.083 m
4 August. Moderate to strong winds from the south. Temperature above -SC.
Maximum, +3C. Sky clear except for a few Ci until 1800 when As began moving in.
The surface became glazed early and little snow blew.

APPENDIX B

TRAFFIC ABILITY
The ability of the snow ·surface to support tracked vehicles varied with
The conditions are summarized below:

elevation~

(I) Above 2200 m elevation tracked vehicles can operate during the eQ.tire year.
(2) Between 2200 m and 1800 m elevation surface conditions are poor during
July and August, but operation of tracked vehi<:;les is possible.
(3) Below 1800 m elevation, summer conditions almost prohibit vehicular movement. Melt streams incise themselves into the ice and firn and numerous
lakes dot the surface of the ice sheet.
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