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Abstract: Surface patterns of alternating snow and blue-ice bands are found in the Jutulgryta area of Dronning 
Maud Land, Antarctica. The snow-accumulation regions exist in the lee of blue-ice topographic ridges aligned 
perpendicular to winter winds. The snow bands are c. 500-2000 m wide and up to several kilometres long. In 
Jutulgryta, these features cover c. 5000 km’. These alternating snow and blue-ice bands are simulated using a 
snow transport and redistribution model, SnowTran-3D, that is driven with a winter cycle of observed daily 
screen-height air temperature, humidity, and wind speed and direction. The snow-transport model is coupled 
to a wind model that simulates wind flow over the relatively complex topography. Model results indicate that 
winter winds interact with the ice topographic features to produce alternating surface patterns of snow 
accumulation and erosion. In addition, model sensitivity simulations suggest that subtle topographic variations, 
on the order of 5 m elevation change over a horizontal distance of 1 to 1.5 km, can lead to snow-accumulation 
variations that differ by a factor of six. This result is expected to have important consequences regarding the 
choice of sites for ice-coring efforts in Antarctica and elsewhere. 
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Introduction 

The majority of the Antarctic landscape consists of large 
snow-accumulation areas where glacier and ice sheet mass 
balance is positiveunder current climatic conditions. However, 
in the near-coastal Jutulgryta area of Dronning Maud Land 
(Fig. I), alternating patterns of positive and negative mass 
balance exist. The negative mass-balance areas are usually 
seen in the form of exposed blue ice that consists of large ice 
grains up to 1 cm in diameter. The positive mass-balance 
areas are regions of enhanced snow deposition, where snow 
deposits lie on top of the blue ice and accumulate to depths of 

Fig. 1. Location of the Norwegian Antarctic Research Expedition 
(NARE) study area in Jutulgryta, Dronning Maud Land, 
Antarctica. 

up to several metres. The Jutulgryta area includes regions of 
gently rolling ice topography that have ridge-to-valley distances 
of 1-4 km, with ridge-to-valley heights of c. 100 m. During 
winter, the region appears to experience strong and persistent 
easterly winds (Konig-Lando et al. 1998) that generally keep 
the blue-ice surfaces swept free of snow accumulations 
(Takahashi et af. 1988, Van den Broeke & Bintanja 1995). 
The combination of easterly winds and rolling ice-surface 
topography leads to snow-drift-accumulation zones that form 
in the lee of the ice hills during winter. These snow-covered 
areas are found adjacent to the blue-ice fields in the form of 
bands 500-2000 m wide and up to several kilometres long 
(Fig. 2). In Jutulgryta about 30% of the region is snow- 
covered, with similar patterns covering c. 5000 km2. 

These snow and blue-ice patterns are large and distinct 
enough to be seen in satellite-based SPOT, AVHRR, and 
Landsat imagery (Fig. 3), and they provide a striking visual 
image of the spatial mass-balance variations in this area. In 
Antarctic regions where blue-ice is not found at the surface, 
other studies have noted important spatial mass-balance 
variations occurring at c. 5-15 km spatial scales (Black & 
Budd 1964, Gow & Rowland 1965). Richardson etal. (1 997), 
as part of a western Dronning Maud Land snow-distribution 
mapping study, found that wind redistribution of snow has a 
significant influence on local accumulation patterns; over 
distances of less than 5 km, the snow layer thickness varied 
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Fig. 2. Oblique aerial photograph of 
snow and blue-ice patterns in the 
Jutulgryta area of Dronning Maud 
Land, Antarctica. The large snow 
stripe in foreground is c. 500 m wide 
by 5 km long. The snow bands are 
oriented perpendicular to the easterly 
(from top-left corner) winds. 'The 
dark band in the foreground is an ice- 
covered lake 

* 60-70% from the local average value. The strong 
relationships between local topography, wind, and snow 
accumulation patterns were also noted by Melvold et ul. 
(1 998) in the Jutulstraumen area of Antarctica. They found 
snow accumulation variations ofup to 100% over distances of 
less than 3 km, and attributed these to wind-speed differences 
associated with changes in surface topography. 

Jutulgryta was first visited in February 1990 during the 
1989-90 Norwegian Antarctic Research Expedition (NARE), 
and later studied using a Landsat Thematic Mapper (TM) 
image recorded on 12 February 1990 (Winther 1993). During 
NARE 1993-94 the area was revisited for a period of four 
weeks (e.g. B~ggild et al. 1995, Winther et ul. 1996), and 
again for five weeks during NARE 1996-97. The 1996-97 
study area and field camp is located at 71"24'S, 0"31'E, at 
c. 150 m above sea level (Fig. 1). The snow and ice in this area 
is c. 500 m thick (J.O. Naslund, personal communication 

The blue-ice areas of this region continually experience 
below-surface melting during the summer months; this 
generally occurs while the air and surface temperatures are 
below freezing. The melting can be explained largely by the 
interactions between the snow-ice-water matrix and the near- 
surface radiation and energy balances. The low scattering 
coefficients, that exist in the relatively large-grained blue ice, 
allow short-wave solar radiation to penetrate the ice. This 
below-surface energy source, when balanced with the 

1997). 

conduction, andturbulent energy flux contributions, Fig. 3. Landsat Thematic Mapper image collected on 24 January 
is sufficient to warm and melt the ice. The adjacent snow- 
accumulation areas have much higher scattering coefficients 

1986. White areas correspond to blue ice, and grey shades 
correspond to snow accumulation areas. The inset box is the 

andconsequently limit solar radiation penetration. In contrast 
to the below-surface meltwaterproduced in the blue-ice areas, 

model simulation domain, and the black areas of the image 
correspond to ice-covered lakes. 
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below-surface melting in the nearby snow areas is minimal. A 
detailed analysis of the thermal and radiative differences 
between these snow and blue-ice areas is provided by Liston 
et al. (1999). In Antarctica, blue-ice areas at elevations 
greater than 750 m rarely experience significant melting 
(Bintanja 1999). 

To help describe and explain the snow accumulation and 
erosion patterns observed in Jutulgryta, a physically-based 
numerical snow-transport model, SnowTran-3D (Liston & 
Sturm 1998) has been applied to the area. SnowTran-3D is 
driven with a winter cycle of observed daily screen-height air 
temperature, humidity, and wind speed and direction. The 
snow-transport model is coupled to a windmodelthat simulates 
wind flow over the relatively complex topography. The model 
results indicate that winter winds interact with the ice 
topographic features to produce alternating patterns of snow 
accumulation and erosion. The modelling system, and its 
validation, make use of field observations collected during 

In addition to reproducing the observed Jutulgryta snow- 
distribution patterns, SnowTran-3D will be used to explore 
the sensitivity of the snow-depth distributions to much more 
subtle topographic variations than those found in Jutulgryta. 
This sensitivity simulation will be used to assess whether 
small topographic variations, on the order of 5 m vertical 
change over 1 km horizontal distance, might lead to snow- 
accumulation differences that should be considered when 
choosing ice-coring sites in areas like Antarcticaand Greenland. 

NARE 1996-97. 

Model description 

SnowTran-3D has been formulated to simulate the snow- 
depth evolution over topographically-variable terrain. The 
model was originally developed and tested in an Arctic-tundra 
landscape, but is generally applicable to other treeless areas 

Fig. 4. Key features of the SnowTran-3D snow-transport model 
applied to topographically-variable terrain (Liston & Sturm 
1998). 

characterized by sufficiently strong winds, low temperatures, 
and snow precipitation. SnowTran-3D is fully three- 
dimensional; it is implemented in two horizontal dimensions 
(x and y), and evolves the snow depth (the z dimension) over 
a topographically-variable domain. It considers only non- 
equilibrium transport from the perspective of spatially 
accelerating and decelerating flow; non-equilibrium transport 
resulting from temporal wind-speed accelerations and 
decelerations are not accounted for. The model is applicable 
to horizontal domains ranging from several tens of metres to 
afew hundred kilometres on aside. The topography within the 
domain can vary from flat, to gentlyrolling, to highly varying, 
such as regions where flow separation might occur over sharp 
ridges, gullies, or valleys. 

Figure 4 illustrates the key input parameters (solar radiation, 
precipitation, wind speed and direction, air temperature, 
humidity, topography, vegetation (or surface) snow-holding 
capacity), the key processes (saltation, turbulent-suspension, 
sublimation), and the key outputs (spatial distribution of snow 
erosion and deposition) from the model. The six primary 
components of the snow-transport model are: 

1) the computation of the wind-flow forcing field, 

2) the wind-shear stress on the surface, 

3) the transport of snow by saltation, 

4) the transport of snow by turbulent-suspension, 

5) the sublimation of saltating and suspended snow, and 

6) the accumulation and erosion of snow at the snow 

The foundation of this snow-transport model is a mass- 
balance equation which describes the temporal variation of 
snow depth at a point. Deposition and erosion, which lead to 
changes in snow depth at this point are the result of 

surface. 

1) changes in horizontal mass-transport rates of saltation, 

2) changes in horizontal mass-transport rates of turbulent- 

3) sublimation oftransported snow particles, Q,(kgm-* s-I), 

4) the water-equivalent precipitation rate, P (m s-I). 

Q, (kg ,-I s-’), 

suspended snow, Q, (kg m-’ s-’), 

and 

Combined, the time rate of change of snow depth, (m), is 

where t (s) is time; x (m) and y (m) are the horizontal 
coordinates in the west-east and south-north directions, 
respectively; and p,s and p,, (kg m-’) are the snow and water 
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w =  1.0 + y,n* + yc R, (2) 

where Q, and Q' are the topographic slope and curvature, 
respectively, in the direction of the wind, and y, and y, are 
positive constants which weight the relative influence of Rs 
and 0, on modifying the wind speed. The slope and curvature 
are computed such that lee and concave slopes produce Q, and 
QL less than zero, and that windward and convex slopes 
produce 0, and Q, greater than zero. Thus, lee and concave 
slopes produce reduced wind speeds, and windward and 
convex slopes produce increased wind speeds. The resulting 
wind field is then processed using the NUATMOS wind 
model of Ross et al. (1988) to ensure that the wind field 
satisfies mass-continuity. In choosing to useNUATMOS, we 
are taking advantage of that model's ability to suppress the 
vertical component of the wind field, and thus in some way 
account for stability of the winter wind field. The model's 
sensitivity to the NUATMOS stability-parameter value will 
be discussed later in this paper. 

Fig. 5. Schematic of the SnowTran-3D snow-transport model 
mass-balance computation (Liston & Sturm 1998). 

density, respectively. Figure 5 provides a schematic of this 
mass-balance accounting. Equation 1 is solved for each 
individual grid cell within a domain, and is coupled to the 
neighboring cells through the spatial derivatives (ddx, ddy). 
In thismodel formulation we have assumed that the sublimation 
to or from a static surface (no blowing snow) is negligible. 
This assumption is supported by observations at Halley research 
station (75"35'S, 26'1 9'W) that indicate insignificant (less 
than 2% of the precipitation) winter sublimation from the 
snow surface (King et al. 1996). Van den Broeke (1997) 
compared modelled and observed sublimation in Antarctica, 
andshowed that winter sublimation rates are significantly less 
than summer rates, and that, in certain regions, significant 
sublimationmay occur in spite ofthe low wintertemperatures. 
Additional details ofthe formulation of each term in Eq. 1 can 
be found in Liston & Sturm (1 998). 

To drive the snow-transport model, areference-level wind- 
flow field over the domain of interest is required at each model 
time step. This wind field is generated by providing an initial 
distribution in the form adopted by Liston & Sturm (1998), 
and then applying the continuity-based wind model of Ross 
et al. (1988). Liston & Sturm (1998) took observed wind 
speeds and directions, and interpolated them to the model 
grid. These observations are assumed to represent the regional- 
scale flow regime; in the case of the current study, they 
represent the combined influence of synoptic and katabatic 
forcing. This wind field is then modified to account for local 
topographic influences on the mean flow, by multiplying with 
an empirically-based weighting factor, W, 

Computational results 

Observational data-sets 

The snow-transport model was applied to a 5 km by 5.8 km 
subregion ofJutulgryta that is coincident with a 100-m gridded 
topographic data-set developed as part of NARE 1996-97. 
This topography data-set was generated by continuously 
reading two Ashtech Z- 12 dual-frequency global positioning 
system (GPS) receivers, operating in differential mode and 
having an accuracy of order 1-2 cm in x,y ,  and z. One of the 
receivers was located over a reference stake at the Jutulgryta 
field camp. The other receiver was mounted on a sled and 
pulled with a snowmobile along parallel lines c. 250 m apart. 
The measurement interval along these lines depended upon 
snowmobile speed and averaged c. 20 m. The surface 
topography of all dominant ridges and valley bottoms were 
also measured. The Jutulgryta-camp reference stake was 
related to a fixed geodetic-height profile stake at Troll, the 
Norwegian Antarctic research station located at 72"0'S, 2 3 1%. 
The GPSmeasurements were related to sealevel by comparing 
the elevation of the Troll reference stake (ellipsoidal height) 
and Jutulgryta reference stake (open sea water). The difference 
of 11.3 m was then subtracted from all of the observed 
Jutulgryta elevations. These observations (c. 6400 points) of 
x,y ,  andz coordinates where then gridded to the Zone 3 1 UTM 
grid at an interval of 100 m using a kriging interpolation 
procedure (Deutsch & Journel 1998). The accuracy of the 
topographic elevations in the data-set are assumed to be 
1-2 m. 

The air temperature, relative humidity, and wind-speed data 
required to perform the snow-transport model integrations 
were obtained from the relatively near-by German Neumayer 
Antarctic research station, located at 70"40'S, 8"15'W, at an 
elevation of c. 40 m above sea level (the Jutulgryta research 
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Fig. 6. Daily atmospheric forcing used in the model simulations. 
Also shown are the mean and standard deviation (s d). These 
data were collected at the German Neumayer Antarctic 
research station, and made available as part of the World 
Meteorological Organization (WMO) World Weather Watch 
Program (http://www.ncdc.noaa.gov). The wind direction was 
fixed at 80" east of north. 

site is c. 85 km north, 3 15 km east, and 1 10 m higher than the 
Neumayer station). A general comparison of 1994-95 data 
from this station was made with the limited meteorological 
data collected between 12 January and 9 February 1997 at the 
Jutulgryta research site. Neumayer was found to be moister 
and windier, and the average Neumayer air temperature was 
found to be within 1°C of the average of the Jutulgryta 
temperature duringthis 4-week summer period. TheNeumayer 
data-set has been assumed to be fairly representative of the 
conditions found in Jutulgryta, and the only adjustment made 
to the Neumayer data was to reduce the air temperatures by 
1 "C to account for the elevation difference. 

Wind direction data are also required to run SnowTran-3D. 
In a study of the general climatology of Neumayer station, 
Konig-Lando et ul. (1 998) found that when winds come from 
80 to 90" they are the result of synoptic disturbances and 
typically have speeds of around 13 m s-l, and winds from 180" 
are katabatic in origin and have speeds of around 5 m s - I .  

These katabatic wind speeds are at the threshold required to 
transport snow, 4-6 m s-I (see Liston & Sturm 1998). Since all 
snow transport-related features (such as sastrugi and 
accumulated snow drifts) observed in Jutulgryta indicate a 
wind direction of 80" (.t lo ) ,  this suggests that the wind 
speeds of sufficient magnitude to transport snow (and create 
the observed features) are of synoptic origin; there were no 
indications of snow-transporting winds from any other 
directions. 

To get a feel for the potential strength and direction of any 
katabatic winds occurring in Jutulgryta, the katabatic flow 
model of Ball (1960), Takahashi et al. (1988), and Van den 
Broeke & Bintanja (1995) was applied using the following 
inputs: friction coefficient = 1.25 x 1 0-5 m-I, inversion strength 

= 5"K, surface temperature = 255"K, Coriolis parameter = 
1.382 x m-', and a surface-slope angle of 10 m km-I 
obtained from the Norwegian Polar Institute 1:250 000 scale 
"H5S Jutulgryta" satellite image and topographic map. The 
map indicates that this slope is representative of the region 
50 km up-slope from the Jutulgryta research site, and is thus 
expected to yield a reasonable katabatic wind calculation for 
the site. This computation yields a katabatic wind speed of 
10.9ms-'andadirectionof39" leftofthec. 135"downward- 
pointing surface-slope vector. Thus, the katabatic wind 
direction in this region is expected to be around 96". This 
direction is consistent with our 80" (2 lo") drift-feature 
observations, and also suggests that any katabatic flow will 
reinforce the general synoptic conditions based on the Konig- 
Lando et ul. (1998) Neumayer wind speed and direction 
analyses. Without surface temperature and temperature profile 
data at Jutulgryta, it is not possible to compute the temporal 
evolution of the katabatic forcing influences on the wind 
speed. Thus, the Neumayer wind speeds are used without any 
modification, under the assumption that they are generally 
representative of the temporal wind speed variations of the 
region. These regional-scale winds are then modified, using 
Eq. 2, to account for local topographic variations. Later in the 
paper we will discuss additional aspects of the area's wind 
regime and the sensitivity of the results to using Neumayer 
data to drive the snow-transport model. 

In light of its more coastal location and distance from the 
Jutulgryta site, the use of air temperature, relative humidity, 
and wind-speed data from Neumayer is a significant 
approximation; unfortunately, no other suitable data-set is 
available. The only Jutulgryta atmospheric-related data used 
in the model simulations is the drift-feature orientation 
observations that were made. Based on these observations, 
the model simulations used a wind-direction of 80". The 
model simulations span the period 1 March-30 November 
1994. The 275-day, daily-averaged screen-height air 
temperature, relative humidity, and wind-speed used to drive 
the model simulations are provided in Fig. 6 .  

Additional model input is required in the form of snow 
precipitation. Since this is largely unknown, an arbitrary 
0.5 mm of snow-water-equivalent precipitation was assumed 
to fall each day during the simulation, or a total of c. 14 cm 
snow-water-equivalent over the simulation period. Because 
this value is so arbitrary, the model-simulated snow 
distributions will be presented as a ratio of snow depth to 
precipitation (expressed as a percent), thus highlighting areas 
of accumulation (values greater than 100%) and erosion 
(values less than 100%). 

Three kinds of snow-pattern distribution observations are 
used to validate the snow-transport model output. These are 

1) oblique aerial photographs taken from a helicopter (e.g. 

2) the snow and blue-ice patterns seen in Fig. 3 1986 

Fig. 2), 

Landsat TM image, and 
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Fig. 7. A detailed view of the model-simulation domain 
corresponding to the Fig. 3 inset box. Shown are the Landsat 
image data (grey shades); an ice-covered lake; the topographic 
distribution (contour interval 5 m, thin black lines); measured 
snow distribution boundaries (thick black lines); and the snow 
distribution boundaries, estimated from aerial photographs, for 
regions not directly measured (medium black lines). 

3) land-based GPS mapping of the snow and blue-ice 

Figure 7 shows the Landsat image pattern (grey-shades), snow 
and blue-ice boundaries based on GPS observations (thick 
black lines), snow and blue-ice boundaries approximated 
using oblique aerial photographs (medium black lines), and 
topographic distribution (thin black lines). Included in the 
domain is an ice-covered lake nearly 1 km in length (Fig. 7). 

boundaries. 

Model validation 

A summary ofthe model parameters used in the simulations is 

Table I. User-defined constants used in model simulations (see Liston & 
Sturm (1998) for parameter definitions). 

C, 0.0 snow and ice snow-holding capacity (m) 
f 500.0 equilibrium fetch distance (m) 
u., 0.25 threshold wind-shear velocity (m s-') 
z,, 
Yc 300.0 
Yr 3.0 topographic slope weighting factor 
p 3.0 non-equilibrium saltation transport scaling constant 
p, 300.0 snow density (kg m-') 
a 0.5 atmospheric stability coefficient 

0.0001 snow and ice roughness length (m) (King & Turner 1997) 
topographic curvature weighting factor 

Fig. 8. Example model-simulated wind speed (grey shades) and 
direction (arrows) distributions for the conditions of a 15 m s-' 
mean regional wind speed such as those defined in Fig. 6. Also 
shown are the geographic details of Fig. 7. 

provided in Table I. Parameters describing the physical snow 
characteristics, such as density and threshold wind-shear 
velocity, have been taken from Arctic Alaska winter snow 
observations (Liston & Sturm 1998). An example wind-flow 
field is given in Fig. 8. This represents the topographically- 
modified wind distribution at a single model time step for the 
conditions of a 15 m s-I mean regional wind speed such as 
those defined in Fig. 6 .  Along the wind-flow direction of SO", 
the mean topographic trend over the domain shows a general 
decrease from east to west. Superimposed on this trend are 
ridges and depressions that lead to relatively high wind speeds 
on windward slopes and ridge crests, and lower wind speeds 
on lee slopes and in low-angle areas. The end-of-winter snow 
distribution pattern is provided in Fig. 9, where the ratio of 
simulated snow-depth to precipitation is plotted. Snow is 
found to accumulate on the steepest lee slopes, and these 
accumulations generally occur in the same patterns as those 
observed. Regions exist where the wind has eroded the 
precipitation down to the blue ice, and in other regions over 
four times (400%) the precipitation input has accumulated on 
the surface. Subtle inconsistencies between the model and 
observations do exist, but are considered minor in light of the 
complexities and assumptions that comprise the simulations. 
One notable exception is the model-simulated accumulation 
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Fig. 9. Model-simulated end-of-winter snow distribution plotted 
as the ratio of snow depth to total winter precipitation, and 
expressed as a percent. Thus, values less than 100% indicate 
erosion, and values greater than 100% indicate deposition. 
Also shown are the geographic details of Fig. 7 and a dashed 
line corresponding to the cross-section presented in Fig. 11. 

located at c. 4.5 km east and 2.5 km north, where snow lies 
between the two observed snow bands. The topographic 
contours suggest that this area might well be a significant 
accumulation zone, but our limited snow-distribution 
observations in this area do not reflect that; ground-based 
observations in these steep topographic areas were frequently 
hindered by the presence of crevasses. 

These Jutulgrytaaccumulation bands are in complete contrast 
to the slope-change zone depicted in fig. 9, illustration B 1, of 
Takahashi et al. (1992), and in fig. 3, illustration 111, of 
Bintanja( 1999). In these illustrations, the steeper down-wind 
slope is characterized by (1) increased wind speeds, (2) 
erosion, and (3) exposed blue ice. In Jutulgryta, the steeper 
down-windslopes arecharacterized( l)decreasedwindspeeds, 
(2) deposition, and (3) snow accumulations that lie over the 
blue ice. We conclude that there is a definite length-scale 
dependenceupon the character and formation ofthese different 
accumulatioderosion zones. The Jutulgryta case is thought to 
be the result ofwind speed variations in response to relatively 
small-scale, mechanically-forced influences, and the Takahashi 
et al. (1992) case represents conditions produced by wind 
speed variations resulting from differences in the relatively 

Fig. 10. Model-simulated total-winter sublimation, expressed as a 
percent of the total winter precipitation (domain mean = 2.3%). 
Also shown are the geographic details of Fig. 7. 

large-scale katabatic forcing. 
The spatial distribution oftotal-winter moisture returned to 

the atmosphere by sublimation during snow-transport 
processes, as simulated by the model (Q, in Eq. l), is given in 
Fig. 10. The model suggests as much as 5% of the winter 
precipitation sublimates, with a domain mean of 2.3%. This 
model result is consistent with the findings of King et at. 
(1996) who showed that autumn and winter blowing snow 
sublimation at Halley, which has a similar climatology to 
Neumayer (Konig-Lando et al. 1998), equals 1 to 2% of the 
precipitation. This relatively-low sublimation is in contrast to 
values computed for Arctic Alaska, where observations and 
model simulations suggest that locally over 30% ofthe winter 
precipitation can sublimate (Liston & Sturm 1998). 
Comparison of the meteorological forcing used for these 
Arctic and Antarctic simulations suggests that the reasons for 
the lower Antarctic sublimation are the lower air temperatures 
(about 5°C lower) and higher relative humidities (about 10% 
higher). These two factors more than compensate for the 
sublimation increase that would normally occur with the 
greater Antarctic wind speeds (about 5 m s-' greater). Because 
of its more coastal location, the Neumayer winter relative 
humidities may be higher than those found in Jutulgryta, thus 
leading to an underestimate of the computed sublimation. To 
quantify any potential misrepresentation, actual winter 
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meteorological observations from Jutulgryta, or another station 
of similar distance from the coast, would be required. 

The NUATMOS wind model of Ross et al. (1 988) includes 
an atmospheric stability coefficient, a, that provides a means 
to suppress the vertical velocity component of the simulated 
wind field. A significant characteristic of the observed 
Jutulgryta lee-slope snow accumulations is that they exist 
significantly down slope from the topographic “ridge” crest. 
This is in contrast to snow accumulation sites found in other 
middleandhigh latitude environmentswhere windsare largely 
the result of synoptic-scale atmospheric disturbances (e.g. 
Tabler 1975, Liston & Sturm 1998). In Jutulgryta, we have 
assumed that the winter winds exist under typically-stable 
atmospheric conditions and include a katabatic component 
(e.g. Parish 1988, King 1989, K6nig-Landoetal. 1998). This 
factor is included in the Fig. 9 model simulation, by choosing 
arelatively arbitrary value o f a  = 0.5, where a value o f a  = 1 .O 
would represent neutral stability, and a value of a = 0.0 would 
suppress all vertical motion (from the perspective of the 
NUATMOS terrain-following coordinate system). Model 
sensitivity to the chosen value of a is given in Fig. 1 1, for the 
1.8-km transect identified by the dashed line in Fig. 9. The 
total elevation difference from one end of this transect to the 
other is 64 m. Figure 1 1 shows that as the stability coefficient 
is decreased, the position ofthe drift shifts further down slope 
in response to the increased stability and suppressed potential 
for flow separation. In addition, the volume of the drift is 
reduced because more snow is transported further downwind 
past the drift. 

Subtle topography 

The ice-topography variations in the Jutulgryta area are 
generallygreaterthanthe topographicvariation found inmost 
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Antarctic areas, with the most notable exception being areas 
around and including nunataks. To address how snow-depth 
distributions might vary in regions ofmore subdued topography, 
the snow-transport model was run again forthe same conditions 
as presented in the Fig. 9 validation simulation, but with the 
topographic distribution multiplied by a factor of one-tenth. 
This effectively produced a topographic data-set that has the 
same distribution pattern as the observed topography, but one 
with significantly-reduced topographic magnitudes and spatial 
differences. By leaving all other aspects of the model 
configuration the same as those used in the original model- 
validation simulation, we isolate the model’s sensitivity to the 
moresubtletopographic distribution. In addition, by preserving 
the basic model-validation configuration, we are able to take 
advantage of its general success at accounting for the driving 
factors that produce the observed Jutulgryta snow distribution. 

An example wind field computed forthe subdued topography 
is provided in Fig. 12; also shown is the new topographic 
distribution and the geographic features from Fig. 7. Figure 12 
represents the topographically-modified wind distribution at 
a single model time step for the conditions of a I5 m s-I mean 

Fig. 12. Example model-simulated wind speed (grey shades) and 
direction (arrows) distributions for the case of the topographic 
distribution multiplied by one-tenth, and for the conditions of a 
15 m s-l mean regional wind speed such as those defined in 
Fig. 6.  Also shown are the lake and snow and blue-ice 
boundaries of Fig. 7 and the new topographic distribution 
(contour interval 0.5 m). 

Fig. 11. Sensitivity of the end-of-winter snow distribution to the 
atmospheric stability parameter, a. Shown is the snow- 
accumulation profile at a position y = 2 km, and between 
x = 1.0 and 2.8 km, corresponding to the dashed line in Fig. 9. 
Also included is the topographic profile for the same transect. 
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s n o w  depth to  precipitation rc io (%) 

Fig. 13. Model-simulated end-of-winter snow distribution 
plotted as the ratio of snow depth to total winter precipitation, 
and expressed as a percent, for the case of the topographic 
distribution multiplied by one-tenth. Also shown are the 
geographic details of Fig. 12. 

- 
c 0 1  I 
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Fig. 14. The snow-accumulation profile at a position y = 2 km, 
and between x = I .O and 2.8 km, corresponding to the dashed 
line in Fig. 9, for the case of the topographic distribution 
multiplied by one-tenth. Also included is the topographic 
profile for the same transect. 

regional windspeed. As such, it can be directly compared with 
the Fig. 8 wind field. The magnitude of the wind-speed 
variability is much reduced compared to the validation 
simulation (Fig. 8), where the validation simulation used a 
shading interval of 0.5 m s-l and the reduced-topography 
simulation used a shading interval of 0.1 m s-I. In spite of this 
reduction in the spatial wind-speed differences, the wind-flow 
pattern remains very similar. The model-simulated snow 
distribution is provided in Fig. 13. The snow-distribution 
pattern is similar to that of the validation simulation (Fig. 9), 
but the snow-depth magnitudes are quite different. The 
reduced-topography simulation has produced maximum snow 
accumulations that roughly equal the precipitation inputs 
(contour values of loo%), and all other areas represent erosion 
of the precipitation. Considering the cross-section identified 
by the dashed line in Fig. 9, the snow depth ratio in Fig. 13 
varies from c. 15% in the east, to an average ofabout six times 
that depth (c. 90Y0) in the main drift-accumulation area 
(Fig. 14). These snow-depth changes occur over a distance of 
between 1 and 1.5 km, and correspond to a topographic 
difference of c. 5 m (Fig. 14). 

Discussion and conclusions 

A numerical snow-transport model has been driven with 
observedmeteorological data and used to successfully simulate, 
and help understand, the observed snow distribution and blue- 
ice patterns in the Jutulgryta area of Dronning Maud Land, 
Antarctica. The initial model simulation has been validated 
against snow observations. The Jutulgryta area is unique 
because the snow-distribution patterns are visible from surface 
and remotely-sensed observations in the form of alternating 
snow and blue-ice bands. In spite of the success of the model 
simulations, there are deficiencies in the simulations and 
analyses that could be addressed if the required observational 
data-sets were available. To help overcome deficiencies in 
our snow-transport model input data-sets, such as precipitation 
and winter snow density, the end-of-winter modelresults have 
been presented as a snow depth to precipitation ratio. An 
additional deficiency in the model-simulation analysis is that 
we do not know the actual winter snow accumulation for the 
snow-accumulation sites; we only know the snow and blue-ice 
boundaries. In spite of these limitations, it is clear that the 
observed snow and blue-ice patterns are the result of winter 
winds that interact with the ice-topography and produce 
alternating surface patterns of snow accumulation and erosion. 

An additional assumption used in the simulations is that it is 
appropriate to use air temperature, relative humidity, and 
wind speed data from Neumayer to drive the snow-transport 
model simulations. For the analysis presented herein, where 
we are only looking at the snow-distribution patterns, the 
model is not very sensitive to those inputs. Model sensitivity 
simulations (not shown) were performed where (1) the relative 
humiditiesin Fig. 6 were decreased by25%, and (2) temporally 
constant wind speeds of 10 and 15 m s-' were used. These 
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simulations yield similar snow-distribution patterns as those 
using the Neumayer meteorological data, and suggest that the 
conclusions presented herein are relatively insensitive to 
potential misrepresentations in the humidity and wind speed 
forcing data. However, we find these patterns are very 
sensitive to the prescribed wind direction, and we believe that 
our success in simulating the patterns lies in our use of 
observed Jutulgryta snow features, like sastrugi, to define the 
wind direction. These simulations also support our general 
conclusion that the dominant process that leads to the snow 
accumulation bands is snow erosion and deposition by wind, 
and not winter spatial variations in sublimation. We have not 
addressed summer processes like sublimation that may also 
influence the observed patterns. Our analysis ofthe simulated 
depth and sublimation quantities as fractions relative to the 
precipitation input has provided a qualitative feel for the 
modeling results, rather than a quantitative assessment of the 
individual mass balance features ofthis site. Ifwe were trying 
to compare modeled snow depths with snow-depth 
observations, then the inputs oftemperature, relative humidity, 
wind speed, and precipitation would be much more important. 

While using the general model-validation configuration, an 
additional simulation was performed for the conditions ofthe 
topographic distribution multiplied by a factor of one-tenth. 
This subdued-topography simulation showed significant (a 
factor of six) snow-distribution sensitivity to topographic 
differences of around 5 m over horizontal distances of less 
than 1.5 km. The dominant reason why the snow distribution 
is sensitive to relatively-low spatial topographic and wind- 
speed variations is the non-linear character of the turbulent- 
suspended horizontal snow-flux computation (Liston & Sturm 
1998). Figure 15 describes the variation ofmaximum potential 
saltation and turbulent-suspended transport with wind speed 
(Q, and Q, , respectively, in Eq. 1). The minimum and 
maximum wind speed contours in Fig. 12 are 14.8 and 
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Fig. 15. Variation of saltation and turbulent-suspended transport 
with screen-height wind speed, for the case of u,, = 0.25 m s-' 
(Liston & Sturm 1998). 

15.3 m s-l, respectively, and Fig. 15 shows that the 
corresponding maximum turbulent-suspended transports for 
these wind speeds are 0.442 and 0.5 18 kg m-' s-'. Consequently, 
on lee slopes where the wind speed is generally lower, there is 
significantly less horizontal mass flux andsnow will accumulate 
(or there will be less erosion) there. For example, by assuming 
that thedQ/dyterm in Eq. 1 dominates the snow mass balance, 
and that this transport difference occurs over a distance of 
600 m, these Q, values can be input into Eq. 1 to yield a snow- 
depth change rate of 1.1 cm snow-water-equivalent depth per 
day. Figure 15 also suggests that during periods when wind 
speeds are relatively low, the snow-depth change rates will be 
substantially reduced. Thus, the influence ofsubtle topographic 
and wind-speed variations are more pronounced at higher 
wind speeds. 

The spatial snow-depth variability simulated by the model 
suggests that for the wind speeds encountered at Jutulgryta, 
subtle topographic variations can lead to significant differences 
in winter snow accumulation. This may have important 
consequences concerning the choice of sites for ice-coring 
efforts in Antarctica andelsewhere. Typically, coringsites are 
chosen tominimize the influence ofblowing and drifting snow 
accumulation and erosion, and other local factors such as 
prevailing ice-flow directions. The preceding analysis suggests 
that there may be a significant snow-accumulation sensitivity 
to topographic variations on the order of several metres per 
kilometre; variations that may not be obvious when standing 
on the snow-ice surface. The model simulations suggest that 
subtle topographic variations, previously assumed to be 
unimportant, might warrant additional consideration. 

In light of these model simulations, we expect that similar 
snow-depth variability can be expected in other areas of 
Antarctica where winds are sufficient to transport snow and 
where there are similar topographic variations. To further 
understand the wind redistribution of snow throughout 
Antarctica, an observational data-set that includes the spatial 
distribution ofannual snow accumulation, over adomain ofc. 
I00 km2 and at a resolution of c. 100 m, would be invaluable. 
Topographic data over the same grid are also required, and 
snow-density observations would allow improved estimates 
of snow-related characteristics such as the snowcover's 
threshold wind-shear velocity. In addition, these data-sets 
need to be combined with winter observations of screen- 
height airtemperature, humidity, and wind speed and direction. 
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