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Information about the spatial variations of snow properties and of annual
accumulation on ice sheets is important if we are to understand the results
obtained from ice cores, satellite remote sensing data and changes in cli-
mate patterns. The layer structure and spatial variations of physical prop-
erties of surface snow in western Dronning Maud Land were analysed
during the austral summers 1999/2000, 2000/01 and 2003/04 in five dif-
ferent snow zones. The measurements were performed in shallow (1-2 m)
snow pits along a transect extending 350 km from the seaward edge of the
ice shelf to the polar plateau. These pits covered at least the last annual
accumulation and ranged in elevation from near sea level to 2500 m a.s.l.
The 8'80 values and accumulation rates had a good linear correlation with
the distance from the coast. The mean accumulation on the ice shelf was
312+28 mm water equivalent (w.e.); in the coastal region it was 215+43
mm w.e. and on the polar plateau it was 92+25 mm w.e. The mean annual
conductivity and grain size values decreased exponentially with increas-
ing distance from the ice edge, by 48 %/100 km and 18 %/100 km respec-
tively. The mean grain size varied between 1.5 and 1.8 mm. Depth hoar
layers were a common phenomenon, especially under thin ice crusts, and

were associated with low dielectric constant values.
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Ice sheets are the largest freshwater reservoirs
on Earth and constitute a unique archive of past
climate and environmental changes (e.g. Petit et
al. 1999). Polar ice sheets and sea ice, with their
high albedo, are important to the Earth’s climate
(Bindschadler 1998). Changes in mass balance of
ice sheets have a pronounced effect on the global
climate and sea level. Antarctica may be particu-
larly important in this regard. Snow cover is very
sensitive to climate change and has large feed-
back effect on the climate system due to the high
albedo. Since snow covers almost all surfaces in
Antarctica, small differences in albedo can mean
large differences in absorbed radiation (Grenfell
et al. 1994). The albedo is also spectrally distrib-
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uted depending on grain size and shape, near-
surface liquid water content, surface roughness,
impurities and the angle of incidence of solar rays
(Orheim & Lucchitta 1988). The properties of the
surface snow give the continent its important cli-
matic role and determine its energy and mass bal-
ance. To better understand these relationships it
is essential to understand the annual snow accu-
mulation rate and snow properties and their spa-
tial variations.

Satellite remote sensing and large-scale numer-
ical modelling allow us to study large and oth-
erwise inaccessible areas. The physical proper-
ties of the snow surface are valuable ground truth
data and can be used to validate remote sensing
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measurements. Parameters such as albedo, snow
grain size and surface temperature derived from
remote sensing data are boundary conditions for
various models (Konig et al. 2001). In radar map-
ping of snow cover, backscatter is determined by
both surface and volume scattering; the former
is dependent on the surface roughness and the
dielectric properties of snow and the latter on
the internal structure of snow including densi-
ty, size and shape of the grains and the change in
dielectric properties as controlled by impurities
and water content. Solar radiation, wind packing
and diurnal reversals of the temperature gradient
influence the upper layers of snow. In dry snow
the temperature gradient metamorphism associ-
ated with the transfer of water vapour is the main
process for development of stratigraphic features
(Colbeck 1983).

Coastal parts of western Dronning Maud Land
are still largely unexplored. The European Project
for Ice Coring in Antarctica (EPICA) is current-
ly constructing a high-resolution climate record
from the polar plateau (e.g. Sommer et al. 2000).
The history of snow accumulation measurements
in the western Maudheimvidda area of Dron-
ning Maud Land (Fig. 1) is summarized by Isaks-
son & Karlén (1994a). Schytt (1958) had ear-
lier performed detailed snow pit studies in the
area. Recently, the Swedish Antarctic Research
Programme (SWEDARP) and EPICA also per-
formed snow accumulation and climate studies
(Isaksson & Karlén 1994a, 1994b; Isaksson et
al. 1996; Van den Broeke et al. 1999; Karlof et
al. 2000; Sommer et al. 2000). Snow distribution
has also been examined and the results revealed
the importance of obtaining more information of
the spatial variations of snow (Richardson et al.
1997).

In the present study the most recent annual
accumulation, physical properties and layered
structure of the snow cover were examined. We
present data on summertime surface snow con-
ditions in western Dronning Maud Land. The
field campaigns were undertaken during the aus-
tral summers of 1999/2000, 2000/01 and 2003/04
as part of the Finnish Antarctic Research Pro-
gramme (FINNARP). The physical properties
were measured also to provide ground truth data
for comparison with optical measurements per-
formed at the same time and for remote sensing
applications.

Study area and methods

Most of the measurement sites were located on the
small Riiser-Larsen ice shelf or on the Ritscher-
flya ice sheet between the Vestfjella and Heime-
frontfjella mountain ranges, which run approxi-
mately parallel to the coast (Fig. 1). One site was
south of Heimefrontfjella on the polar plateau
(site 17). Snow on the Kvitkuven ice rise (site 2)
and Hogisen ice dome (site 11) was also inves-
tigated. These local topographic features are
exceptions in the area, where otherwise the ele-
vation increases with increasing distance from
the coast (Kédrkés et al. 2002). The coastal area
is more affected by the changing sea ice cover
and cyclonic activity than high elevation areas
(King & Turner 1997). The near-surface climate
in Dronning Maud Land is determined by a com-
bination of predominant katabatic winds and syn-
optic winds forced by transient cyclones travel-
ling eastwards parallel to the coastline (Reijmer
2001). The intense cyclonic storms from the Wed-
dell Sea play an important role in the snow accu-
mulation (Noone et al. 1999). According to Rei-
jmer (2001) mean air temperatures in the area are
—20°C on the ice shelf, —17 °C behind the ground-
ing line and —21 °C near Heimefrontfjella.

A total of 17 snow pit sites were studied in
1999/2000, 11 pits in 2000/01 and 10 sites in
2003/04 (Table 1). The location of the Finnish
research station and the navigable traverse routes
determined the measurement sites. Kvitkuven
and Hogisen were selected because of their lower
backscattering observed in the RADARSAT
imagery (Fig. 1). The geographic positions of the
snow measurement sites were determined with
a Garmin hand-held global positioning system
instrument with a precision of £ 100 m or better.

Measurements were conducted in situ in shal-
low snow pits (1-2 m) and consisted of profiles
at 2-10 cm intervals of visible stratigraphy, tem-
perature, density, grain size and shape, dielectric
constant and wetness. Samples were collected
to determine conductivity, pH and oxygen iso-
tope ratio (5'®0). The measurement methods are
described in detail in Rasmus et al. (2003). Snow
density was measured using a cylinder sam-
pling kit with a volume of 0.5 dm? (@ 6 cm) in
1999/2000 and 0.25 dm? (@ 5 cm) in 2000/01 and
2003/04, and a spring balance with an accuracy
of +1073 kg. Snow grains were photographed in
the field using a special camera stand (Pihkala &
Spring 1985) and classified according to Colbeck
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et al. (1990). The reported snow grain size is the
greatest extension of grain (Colbeck et al. 1990;
Gay et al. 2002). The grain sizes were determined
from digital images using image processing soft-
ware (Imagel). A total of 760 images and 13460
grains were analysed.

The relative dielectric constant of a medium &
is complex and consists of a real (¢') and an imag-
inary part (&"):

g =g —je"

where j = +/—1. The term &' is usually referred to as
the permittivity of the material and &” the dielec-
tric loss factor (Ulaby et al. 1986). Here we con-
sider only the real part and refer to it as the die-
lectric constant. In dry snow the imaginary part is
negligible. The dielectric constant was measured
with a TEL 051 dielectric probe (LEAS, Greno-
ble, France) in 1999/2000 and with the Finnish
snow fork device in 2000/01 and 2003/04 (Sihvo-
la & Tiuri 1986). The liquid water content (wet-
ness) is expressed as a percentage by volume.
Conductivity, pH and 8'80 were analysed in

Table 1. Snow pit site coordinates with elevation and distance
from the coast. AWS refers to automatic weather stations in
the area (Reijmer 2001) and snow pit sites close to them.

Approx. Distance

Site Latitude  Longitude elevation from coast
(ma.s.l) (km)
1 72°32.0'S  16°34.0'W 30 3
2 72°36.6'S  16°18.6'W 250 15
3a 72°40.0'S 16°41.9'W 55 20
3b 72°45.0'S  16°00.1'W 60 30
3¢ 72°45.0'S  16°30.0'W 60 25
4 72°45.2'S  14°18.3'W 70 70
5 72°579'S  13°347'W 270 110
6 73°02.0'S  13°19.5'W 250 120
7 73°03.6'S  13°21.8'W 250 120
8 73°05.3'S  13°20.2'W 240 120
9 73°04.1'S  13°28.2'W 235 120
10 73°12.5'S  13°13.0'W 375 140
11 73°26.3'S  14°26.7'W 990 130
12 73°274'S  12°33.3'W 905 170
13 73°43.0'S  12°18.6'W 930 195
14 74°00.8'S  12°01.1'W 980 230
15 74°14.0'S  11°48.0'W 1000 250
16 74°28.7'S  11°33.1'W 1100 275
17 74°59.9'S  10°00.5'W 2550 355
AWS4  72°451'S  15°30.0'W 60 45
AWSS  73°06.2'S  13°09.8'W 370 130
AWS6  74°29.0'S  11°31.2'W 1100 275
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melted samples. Conductivity was determined
with Handylab LF 513 T (Schott Glas, Mainz,
Germany) in 1999/2000 and 2000/01, and with
CDM210 conductivity meter (MeterLab, Radi-
ometer Analytical, France) in 2003/04. pH was
determined with Handylab BlueLine 24 pH
(Schott Glas, Mainz, Germany).

The §'80 ratios for 1999/2000 and 2000/01 were
analysed at the Institute of Geology, Tallinn Uni-
versity of Technology, using a Delta-E mass-spec-
trometer (Finnigan-M AT, Bremen, Germany) and
for 2003/04 at the Radiocarbon Dating Laborato-
ry, University of Helsinki, using Delta+XL mass
spectrometer connected online to GasBench II
(Thermofinnigan, Bremen, Germany). The sam-
ples were measured against laboratory internal
reference waters, which were calibrated on the V-
SMOW/SLAP scale. The reproducibility of repli-
cate analyses is generally better than £0.15 %eo.

The 8'80, density profiles and layering were
examined to identify the annual layers and deter-
mine yearly accumulation. 8'®0 profiles are com-
monly used to determine the annual accumulation
in areas where there is enough solid precipitation
both in winter and summer, since the local 880
maxima indicate the summer surfaces (Isaksson
& Karlén 1994b).

Results and discussion

Snow properties

Table 2 and Fig. 2 compile the results of the snow
properties (surface temperature, temperature gra-
dient between 30 and 100 cm depth, density, grain
size, dielectric constant, liquid water content, con-
ductivity, pH, 880 and accumulation) showing
the mean values of the topmost metre and within
the annual accumulation layer for the ice shelf, the
coastal region and the plateau. Table 3 shows the
correlations between the different mean values of
accumulation year and elevation, distance to the
ice edge and latitude.

The surface temperature decreased from the
ice edge to the polar plateau and correlated best
with elevation (Table 3). The season 2003/04 had
the highest surface temperature values and the
summer season was characterized by a heavy sur-
face melting from the coast to site 10 behind the
grounding line. The temperature profiles displayed
diurnal fluctuations in the top 0.3 m. At night the
temperature maxima were beneath the surface
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due to colder air temperatures. However, the abili-
ty of solar radiation to penetrate into a snow cover,
combined with the low thermal conductivity of
snow, can lead to a sub-surface temperature max-
imum in daytime as well (Koh & Jordan 1995).
The temperature distribution in the upper snow

Fig. 1. Map of the measurement
area in western Dronning Maud
Land showing the locations of
snow pit sites 1-17 and automatic
weather station sites (AWS). The
Finnish research station Aboa
(73°03'S, 13°24'W) is located
on the Basen nunatak at an
elevation of 485 m a.s.l. Part of
the RADARSAT mosaic (Jezek
1999; Jezek et al. 2002) was used
as background (RADARSAT
data © Canadian Space Agency
1997, used with permission).

and firn layers is dominated by surface tempera-
ture variations, i.e. by upward or downward heat
transfer, depending on the near-surface tempera-
ture gradient (Lange 1985). Temperature gradi-
ents in the snow affect snow grain evolution and
therefore the optical properties of the snow pack

Table 2. The mean values and standard deviations of measured snow properties (surface temperature T,, temperature gradient
AT, density p, density given by snow fork p;, grain size E, dielectric constant &, wetness 0, conductivity k, pH, number of layers,
number of ice layers, 8'%0 and accumulation (a) in the topmost metre of snow cover and (b) in the annual layer on the ice shelf,
for the coastal region between the grounding line and Heimefrontfjella and on the plateau.

@ TCO  TTCO) (kg?n%) (kgpI{1’3) E (mm) € (vo?%) (1S szl) pH  Layers 1a1yc:rs
Shelf —2.6£34 65+1.6 394£26 363£35 2.0+1.0 176£0.07 0.6+0.4 2484288 6.0£03 10+4  4=2
Coast —-4.0+3.5 -5.6+1.8 39630 382427 1.5£0.6 1.80£0.10 07+0.5 48+32 63406 1244 643
Plateau—15.6£1.3 —6.5+0.8 367+22 324 13 1.65 03 24+01  64%0.1 16+4  10+2
® (kg?’rﬁ) (ng;;’3) (mEm) (vo?%) (1S fmfl) pH 8%0%  Layers 1acheers (m$c\?v..e.)
Shelf 388428 362+36 2.0+1.0 175£0.08 0.6+04 343+40.6 6.0+0.3 —2039+2.99 943 31 312428
Coast  391+32 370+38 15+07 1.80£0.11 07£0.5 5550 63+0.6 2603394 8+3 42  215+43
Plateau 3675 319 1.0 1.64 03 2401 67+04 3787 5 3 92425
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Fig. 2. Spatial distributions of (a) -40 (@)  x1999/2000

mean annual values of 8'%0, (b) e 2000/2001 e
accumulation, (c) conductivity 35 1 4 2003/2004
and (d) grain size in 1999/2000, -30
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(a-b) and exponential (c-d) fit has
been calculated, and the r value
shows the Pearson correlation
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and they in turn affect the vertical distribution of
absorbed energy (Brandt & Warren 1993).

Snow density is a very important variable for
the dielectric constant and affects the signals
detected with the ground penetrating radar and
microwave remote sensing (Richardson et al.
1997). The mean snow densities of the annual
layer were 408 kg m= (1999/2000), 367 kg m™
(2000/01) and 385 kg m~3 (2003/04) in the area as
a whole and ranged between 324 and 458 kg m~>.
Snow density values vary due to local meteoro-
logical conditions at different sites and the time
of year when accumulation occurred. Density did
not have any correlation with elevation, distance
from the ice edge or latitude (Table 3), but was the
lowest in the local topographic highs and on the
plateau. Mean density of the topmost metre was
39426 kg m~ on the ice shelf, 39630 kg m 3 in
the coastal region and 367+22 kg m~ on the pla-
teau. Oerteretal. (1999) foundthe values 0f432 + 21
kg m3, 387+35 kg m™ and 338+12 kg m™3 for
the same regions in the topmost 2 m. In the same
ice shelf area Gjessing & Wold (1986) measured
the lowest values on the inner half of the shelf
and at the top of Kvitkuven; the highest values
were at the grounding line and on the outer part

Table 3. The Pearson correlation coefficients between the
mean annual value of the measured properties (surface tem-
perature T,, temperature gradient AT, density p, density given
by snow fork p, grain size E, dielectric constant &, wetness 0,
conductivity «, pH, 8'®0, number of layers, number of thick
ice layers and thin crusts, accumulation) and elevation, dis-
tance from the ice edge and site latitude. The values given in
boldface have significance levels >95 %.

Elevation Distance Latitude
Elevation 1
Distance 0.89 1
Latitude 0.92 0.98 1
T, -0.71 -0.60 -0.62
AT 0.03 0.00 -0.03
p -0.22 -0.14 -0.17
Pr -0.25 -0.08 -0.14
E -0.34 -0.40 -0.39
€ -0.27 -0.12 -0.20
0 -0.15 -0.10 -0.12
K -0.31 -0.44 -0.38
pH 0.10 0.15 0.09
8180 -0.87 -0.91 -0.92
Layers -0.08 -0.13 -0.11
Ice layers 0.07 0.08 0.09
Accumulation -0.79 -0.84 -0.80

of the shelf.

The density profiles in the topmost metre were
highly variable, partly due to the development of
intermittent layers of depth hoar and ice lenses.
Density variations decreased with depth and the
mean density increased, having a weak positive
correlation with depth (r=0.41). The increase
of density with depth is usually most visible at
depths greater than 4-5 m (West et al. 1996).

The liquid water content was the high-
est in 1999/2000 (0.9 volume %), although in
2003/04, surface melting was partly too heavy
to be detected by snow fork. Microwave interac-
tion with a snow cover is greatly influenced by
the presence of liquid water and therefore condi-
tions that can lead to an increase or decrease in
snow wetness are of considerable interest to the
radar remote sensing community (Koh & Jordan
1995). The effect of liquid water on snow albedo
is to increase the effective grain size, because the
refractive index contrast between water and ice is
very small (Wiscombe & Warren 1980).

Conductivity values decreased exponential-
ly with increasing distance from the ice edge
(Fig. 2). Conductivity in melted samples reflects
the conductivity of all ions present in the water
(Hammer 1983). Site 1 at the edge of the ice
shelf had much higher conductivity values in
1999/2000 and 2003/04 than the other ice shelf
sites, probably due to remarkably high transport
of sea salt. The high peaks in conductivity pro-
files seem to reflect individual storm events and
occur in the area both during winter and summer.
They cannot be used alone for accurate dating.
Major sea salt depositions have previously been
found to occur in coastal Antarctica both during
the winter (Legrand & Mayewski 1997) and
during the summer months (Aristarain & Delmas
2002). In the present study the southernmost sites
had conductivity values similar to those found at
the South Pole (2-3 uS cm™'; Mosley-Thompson
et al. 1985).

Snow grain size and shape

The mean grain size in the annual layer ranged
between 1.5 and 1.8 mm. Grain size decreased
exponentially with the distance from the ice
edge (Fig. 2). The size distribution of all meas-
ured grains is seen in Fig. 3. The mean size of all
measured grains was 1.3 (Fig. 3), in agreement
with the coastal grain size of 0.7-1.2 mm meas-
ured along the traverse route to Dome Fuji Station
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(Shiraiwa et al. 1996). In the interior of Antarc-
tica, snow grain size has been found to be uni-
formly small; near the surface, fine grain size is
surprisingly homogeneous over wide expanses
(Gay et al. 2002). Aged snow in Antarctica can
have significantly smaller grains at the surface
due to the prevalence of wind drift (Grenfell et
al. 1994).

For remote sensing applications, information
of grain size is an important parameter. Especial-
ly in Antarctica, snow grain sizes have not been
often measured and are fairly unknown (Gay et
al. 2002). Larger grains result in more effective
volume scattering and in lower passive micro-
wave emissivity (Zwally 1977). Snow grain size
is the most important variable controlling snow
albedo (Brandt et al. 1991). The near infrared
albedo is very sensitive to snow grain size and
grain size normally increases as the snow ages,
causing a reduction in albedo (Warren 1982). The
growth of ice particles in dry snow is caused by
diffusion of water vapour due to temperature gra-
dients in the snow cover (Colbeck 1983). Grain
size at any depth is dependent on both the tem-
perature, which determines the rate of metamor-
phism, and the accumulation rate, which deter-
mines the age of the snow at that depth (Goodwin
et al. 1994).

Typically the grains observed in our study were
well rounded. Clustered poly-crystals were found
at many sites and were included with the rounded
grains. In total 4% of all measured grains were
partly decomposed precipitation crystals in the
snow surface, 73% were rounded grains, 11%
were faceted crystals, 9 % were depth hoar grains
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and 3% were surface hoar according to the clas-
sification by Colbeck et al. (1990).

Dielectric constant

The mean liquid water content was less than
1%. The snow cover could thus be considered
dry and the imaginary part of the complex die-
lectric constant is negligible. The distance to the
surface should be 5 cm to obtain reliable snow
fork results. Here the snow fork results for the
first 4 cm have been omitted. The mean values
of dielectric constant in our measurements were
between 1.7 and 1.8. This is in good agreement
with the values obtained by Shiraiwa et al. (1996)
for the coastal region.

The dielectric constant in snow and firn is
affected by various physical and chemical param-
eters such as liquid water content, snow density,
crystal fabric, conductivity, concentrations and
compositions of ions and micro-particles (Rich-
ardson et al. 1997). However, the real part of the
dielectric constant has been found to be almost
solely dependent on the snow density and practi-
cally independent of the snow stratigraphy (Tiuri
et al. 1984). The dielectric constant is also an
important parameter in interpreting ground pene-
trating radar data and in microwave remote sens-
ing. The dielectric constant of snow affects elec-
tromagnetic wave speed through snow and firn
(Richardson et al. 1997).

Snow with divergent dielectric properties may
form at the surface during periods with excep-
tional climatic or atmospheric conditions, such
as intense storms, extremely high solar radia-
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tion, high temperatures or atmospheric depo-
sition of impurities (Richardson & Holmlund
1999). In Antarctica, dielectric properties of sur-
face snow have seldom been measured (Shirai-
wa et al. 1996). The strength of a backscattering
signal reflected by a dry snow pack depends pri-
marily on the dielectric properties, the number of
internal reflectors and the grain size (Zahnen et
al. 2002). In a perfectly homogeneous, dry snow
pack without internal scatterers, snow reflectivi-
ty increases with the dielectric constant (Zahnen
et al. 2002).

The manually measured densities p (in kg m=)
were compared with the dielectric constant values.
Results from 1999/2000, when dielectric constant
was measured with the TEL 051 device gave a
linear expression of:

£=0.0021p+0.9617
r=0.48

whereas the measurements from 2000/01 and
2003/04, obtained with the snow fork, led to the
expression:

£=0.002p+0.9904
r=0.59

Our snow fork results are in good agreement
with Shiraiwa et al. (1996; ¢ = 0.0017p+0.9597
and Tiuri et al. (1984; € = 0.002p+1).

The relationship between the manually meas-
ured density p (kg m™) and the density obtained
with the snow fork p,forms a linear regression:

p,=1.03p—6.62

The shape of grains could affect the measured
dielectric constant. The snow fork was able to
detect low-density depth hoar layers (Fig. 4). Our
results show that those layers had lower dielectric
constant values than rounded grains, although no
linear correlation was found between snow grain
size and delectric constant values.

Stratigraphy

Depth hoar layers were found usually under thin
ice crusts (Fig. 4). Especially at greater distanc-
es from the coast, several depth hoar layers were
found within a single accumulation year and those
layers cannot be used alone to identify a summer
surface in the measurement area, although the
depth hoar layers were usually associated with
summer surface as well (Fig. 4). Depth hoar in
polar firn forms when large temperature gradients

act on low-density firn (Alley 1988). At sites with
low accumulation, only the annual depth hoar
formed by mass loss to the atmosphere during
the autumn may be recognizable, whereas at sites
with high accumulation, like those in the present
study (except site 17), individual storms may
be preserved in the snow cover as a depth hoar
layer (Alley 1988). If subjected to vapour trans-
port down temperature gradients, buried low-
density layers will develop into depth hoar, but
high-density layers can develop into depth hoar
only if they suffer significant mass loss to the free
atmosphere in the upper 50-100 mm; this proc-
ess seems to occur in the late summer or autumn
(Alley 1988). At the South Pole, winter depos-
its have been found to be fine-grained and dense
while the summer deposits are coarse-grained
and less dense (Mosley-Thompson et al. 1985). In
our measurement area the visible stratigraphy was
more complex. Snow layering was better devel-
oped in coastal regions than on the polar plateau,
as found in a previous study (Richardson et al.
1997). Figure 4 shows examples of stratigraphy at
the site nearest to the coast (1), at the Kvitkuven
ice rise (site 2) and at site 12 between two moun-
tain ranges. Annual layers are determined from
the 3'80 profiles. Conductivity values have high
peaks during both winter and summer months.
Depth hoar layers are found near the summer sur-
face but are also visible during the whole accumu-
lation year. Densities increase somewhat with the
depth but values are quite constant within the top-
most metre. Dielectric constant values vary con-
siderably within the snow cover, clear evidence of
the diverse small-scale layered structure.

Table 2 presents the mean number of visible
layers and of ice layers within the topmost metre
and the annual accumulation layer. Wet snow and
summer melting conditions were observed at the
seaward edge of the ice shelf during every season.
Near the coast several thick ice layers (1-5 cm)

Fig. 4 (opposite page). Snow stratigraphy and measured snow
profiles of density, dielectric constant grain size, conductiv-
ity and oxygen isotope ratio at (a) site 1 on the ice shelf in
2003/04, (b) site 2 on the Kvitkuven ice rise in 2000/01 and (c)
site 12 between two coastal mountain ranges in 2000/01. Den-
sity measured with the snow fork is plotted with the dashed
line in density profile, ice layers and crusts are marked with
thick black lines and symbols of hoar layers are after Colbeck
et al. (1990). Thin black lines distinguish different layers.
Annual accumulation layers have been marked with thick
dashed lines.
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were observed while behind the grounding line
they were mostly thin ice crusts (1-2 mm). Ice
crusts form due to solar radiation or wind during
the hiatus in accumulation (Goodwin 1990). A
total of 3-4 ice crusts were found in snow pit pro-
files for one accumulation year (Table 2). This
is in agreement with Reijmer’s (2001) observa-
tion showing 4-5 major accumulation events in
the area per year. Rott et al. (1993) emphasized
the importance of snow stratification in the inter-
pretation of microwave remote sensing measure-
ments. Highest backscattering coefficients and
small angular variations have been observed for
refrozen firn near the coast in Dronning Maud
Land while pronounced stratification, includ-
ing depth hoar layers, resulted in increased back-
scattering intensities (Rott et al. 1993). A large
number of ice lenses, wind crusts or pronounced
layer boundaries increases reflectivity (Zahnen et
al. 2002). Heterogeneous snow pack should there-
fore appear brighter than homogeneous snow
(Zahnen et al. 2002).

Snow on the local topographic highs, the
Kvitkuven ice rise (site 2) and the Hogisen ice
dome (site 11), had notably lower densities and
dielectric constants than nearby sites at lower ele-
vations and had no thick ice layers, all of which
may be an indication of locally reduced speed of
the katabatic outflow.

The 880 values and annual accumulation

The mean annual §'®0 and accumulation values
are presented in Table 2 for three different areas
and in Table 4 for the separate snow pits. The iso-
tope ratios have been used to determine the annual
layers. The mean 8'%0 values were the lowest in
2003/2004, even though the cold southernmost site
was not sampled. This indicates that the annual
temperatures were coldest in 2003 despite the fact
that the summer surface temperatures were high.
The mean differences between winter minimum
and summer maximum with standard deviations
were 10.43+3.35%o in 1999/2000, 11.05+2.86 %o
in 2000/01 and 14.26+2.61 %o in 2003/2004. The
mean annual 830 values were strongly correlated
with the distance from the ice edge and with the
latitude (Fig. 2, Table 3). In view of the vast size
of the Antarctic ice sheet it is important to extend
considerably the investigation of the distribution
of the isotopic ratios in surface snow to provide a
better documented data base for interpreting the
isotopic profiles of deep ice cores and also for val-

idating isotopic model results with present-day
data (Qin et al. 1994).

Figure 5 shows how snow layering and §'%0
profiles varied at site 5 during three different
accumulation years. The range of isotope values
is similar in different years, indicating similar
annual temperature variations, although the year
2003 seemed to be the coldest. The accumula-
tion ranged between 219 and 335 mm w.e. due to
annual differences in precipitation and also irreg-
ularity in wind redistribution. This site showed
one of the largest variations in accumulation
between the years (Table 4). Within one single site
the accumulation values varied between 19 and
145 mm w.e. from year to year. Also the results
from the different snow pits excavated during the
same season at the same site (AWS sites) showed

Table 4. The annual values of §'%0 and accumulation (Acc.)
for the years 1999, 2000 and 2003. Values marked in boldface
have been obtained from the profile of the year 2000. For the
AWS sites the mean values and standard deviations of four
snow pits are shown.

18 18 18 Acc. Acc.  Acc.
Site f99% 2600% 50(% (1233 ?31012 %33131
O) (Ko} (%) w.e) we) we)
1 - —1529 2176 339 297 3l
2 —16.83 —18.95 — 259 301 _
3a - - - 355 — _
b - 2187 - — 339 _
3¢ — - 2243 . 3}
4 - - 2280 - 29
5 —20.67 —19.82 —22.57 335 219 222
6 - _ _ - _
7 - - - 277 — _
8 —2449 — — 229 _ _
9 - —2098 - 227 196  —
10 —24.52 —24.27 —25.29 203 148 293
11 _ _ _ L _
12 — 2380 —28.58 203 194 223
13 - - - 218 — _
14 2798 —31.67 —30.61 162 233 178
15 - — - 217 — _
16 —29.85 3212  — 197 178 —
17 - 3787 - 109 74—
AWS4 —23.19+1.09 301+13
AWS5 —25.39+1.98 194+5
AWS6 —29.86+0.98 175+19
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Fig. 5. Snow layering and (a) 1999/2000
oxygen isotope ratio profiles 18 10
atsite 5 in (a) 1999/2000, (b) 8°0 (%o)
2000/01 and (c) 2003/04. Ice 0 =30 -20
crusts are marked with the thick
black lines and symbols of hoar 10
layers are after Colbeck et al. 20
(1990). Annual accumulation € 30 |0
layers have been marked with S 40
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90 ||
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O = solid-type depth hoar A = cup-shaped depth hoar

variations between 5 and 19 mm w.e. (Table 4).
These temporal and spatial variations are partly
due to redistribution of snow by winds. Howev-
er, the accumulation rates clearly decreased with
increasing distance from the coast and three geo-
graphical regions can be identified: ice shelf (sites
1-4), coastal region behind the grounding line
(sites 5-16) and polar plateau (site 17). Accumu-
lation values for the ice shelf and coastal region
are lower than observed earlier in the same area
(Isaksson & Karlén 1994a) but are close to values
for the years 1998-2001 obtained from the auto-
matic weather stations (Reijmer & Van den
Broeke 2003). In the present study accumulation
had the best correlation with the distance from the
ice edge although there was good correlation also
with the site latitude and elevation (Table 3).

Conclusions

The physical properties of the topmost metre of
the snow cover were measured during the austral
summers of 1999/2000, 2000/01 and 2003/04 in
western Dronning Maud Land in the vicinity of
the Finnish research station Aboa. Studies of spa-
tial variations are important to reveal the repre-
sentativeness of point measurements, for remote
sensing applications and modelling studies. Some
measured quantities (density, dielectric constant
and pH) stayed fairly constant with the increas-
ing distance from the ice edge and an elevation
change from 30 to 2550 m a.s.l. Although there
was no trend from the coast to inland for most
of the properties, there was strong heterogenei-
ty within any single site. This emphasizes the
importance of spatial studies to better understand

Kaérkés et al. 2005: Polar Research 24(1-2), 55—67
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these variations.

Based on our results the snow properties dif-
fered between the geographical areas: (1) the ice
shelf, (2) the coastal region and (3) the polar pla-
teau. The Heimefrontfjella mountain range forms
a steep step in the landscape and causes chang-
es of the gradients of studied properties towards
the plateau. In addition to these three snow zones,
two sub-groups could be distinguished on the
basis of the amount and thickness of the ice layers,
grain sizes, density, conductivity and accumula-
tion values. These sub-groups are: (4) local topo-
graphic highs and (5) the edge of the ice shelf. The
local topographic highs had lower snow densities
and dielectric constants, and the surface rough-
ness and stratigraphy were not as well developed
as at nearby sites at lower elevation. The site at the
ice edge had abundant thick ice layers, large clus-
tered snow crystals and high conductivity values
relative to the rest of the ice shelf.

Conductivity values decreased exponentially
with the distance from the ice edge. Snow tem-
perature, conductivity, grain size, §'%0 ratio and
accumulation rate had a clear decreasing trend
from the ice edge to inland. Snow surface temper-
ature correlated best with elevation, while grain
size, conductivity and accumulation rate had the
best (inverse) correlation with the distance from
the ice edge. The §'%0 ratio correlated best with
the site latitude. The mean accumulation was
31629 mm w.e. on the ice shelf, 21846 mm
w.e. in the coastal region from the grounding line
to Heimefrontfjella and 92+25 mm w.e. on the
polar plateau.

Seasonal meteorological variations and their
effects on snow metamorphism and microstratig-
raphy need to be investigated in greater detail.
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This requires sampling and measuring at higher
resolution. In future studies, it would be interest-
ing to make detailed measurements of the snow
on nunataks, where there is strong summer melt-
ing and evaporation.
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