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[1] The occurrence of Antarctic ablation areas in Dronning Maud Land, the Lambert
Glacier Basin, Victoria Land, the Transantarctic Mountains and the Antarctic Peninsula is
realistically predicted by the regional atmospheric climate model RACMO2/ANT, with
snowdrift-related processes calculated offline. Antarctic ablation areas are characterized
by a low solid precipitation flux in combination with strong sublimation, snowdrift erosion
and/or melt. The strong interaction between atmospheric circulation and topography plays
a decisive role in the precipitation distribution and hence that of ablation areas. Three
types of Antarctic ablation areas can be distinguished, all occurring in dry regions: Type 1
is the erosion-driven ablation area, caused by 1-D and/or 2-D divergence in the katabatic
wind field at high elevations (2000–3200 m asl). Type 2 is the sublimation-driven ablation
area. This type occurs at lower elevations (<2000 m) preferably at the foot of steep
topographic barriers, where temperature and wind speed are high and relative humidity
low. Type 3 represents the melt-driven ablation area, occurring in the northern Antarctic
Peninsula. Combinations of types 1/2 and 2/3 are possible. Over the period considered
here (1980–2004), no significant trend is found in the total area covered by Antarctic
ablation areas, which equals about 2% of the total ice sheet surface (including ice shelves).
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1. Introduction

[2] Ice sheet ablation areas are characterized by a negative
specific surface mass balance (SSMB, units kg m�2 yr�1),
defined as:

SSMB ¼
Z

1year

dt Ps � SU � SUds �r � TRds �MEð Þ < 0 ð1Þ

where Ps is the flux of solid precipitation, SU surface
sublimation, SUds sublimation from suspended (drifting/
saltating) snow particles, TRds the horizontal snow drift
transport and ME surface melt. In contrast to its Greenland
counterpart, the Antarctic ice sheet (Figure 1) does not
experience strong seasonal melting, and therefore lacks a
well-developed ablation zone. However, ablation does take
place, as is evident from the widespread occurrence of blue
ice areas (BIAs), where the 70–100 m thick firn layer has
been removed and the blue glacier ice appears at the surface
[Bintanja, 1999; Winther et al., 2001] (Figure 1). Moreover,
extensive meltwater streams have been detected in coastal
East Antarctica [Phillips, 1998; Liston et al., 1999] and
large melt ponds frequently occur at the surface of Antarctic

Peninsula ice shelves [Scambos et al., 2003]. Elsewhere on
the ice sheet, localized snow ablation is evident from stake
measurements, for example in the catchment area of the
Lambert Glacier [Wen et al., 2006], and in Dronning Maud
Land [Watanabe, 1997; Oerter et al., 2000].
[3] In Antarctica, it is difficult to measure individual

SSMB components. For example, precipitation gauges
perform poorly when snowfall occurs under high wind
speed conditions as drifting snow may enter the gauge
[Bromwich, 1988]. As a result, no reliable Antarctic solid
precipitation map exists to date, even though it is the
dominant positive contribution to the SSMB [King and
Turner, 1997]. SU may be measured by weighing snow
samples [Fujii, 1979] or calculated from data of automatic
weather station (AWS [Stearns and Weidner, 1993; Van den
Broeke et al., 2004]). AWS have also been used to calculate
SU over Antarctic frozen lakes [Clow et al., 1988] and BIAs
[Bintanja et al., 1997], but feedback processes related to the
dark and smooth ice cover prevent a direct comparison with
SU over snow.
[4] In situ SSMB is usually measured as an integrated

quantity, using stakes or detecting known (volcanic, radio-
active) time horizons in snow pits and firn cores. The latter
techniques rely on net accumulation and cannot be used in
ablation areas. To determine ablation, stake measurements
are useful, but their scarcity and sensitivity to spatial
accumulation noise [Frezzotti et al., 2004] mean that the
distribution and extent of Antarctic ablation areas is pres-
ently unknown.
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[5] Here we use output of the regional atmospheric
climate model RACMO2/ANT, an updated version of
RACMO/ANT [Van Lipzig et al., 2002a] to identify Ant-
arctic ablation areas. Obvious advantages of using a numer-
ical model are the full coverage in space and time of
individual SSMB components. Moreover, the homogeneous
model snow cover eliminates any BIA feedback processes.
Specific disadvantages of the model used here are that
snowdrift-related processes are not included and must be
calculated off-line. Moreover, the horizontal resolution is
about 55 km, so that ablation areas smaller than �3000 km2

are below the detection threshold. In section 2 we describe
the model, in section 3 the methods to determine SSMB
components, followed by the main results in sections 4 and
5 and a discussion and conclusions in section 6.

2. Model Description

[6] RACMO2/ANT is adapted from the second version of
the Regional Atmospheric Climate Model (RACMO2). The
atmospheric dynamics description of RACMO2 originates

from the High-Resolution Limited Area Model (HIRLAM),
version 5.0.6 [Undén et al., 2002]. The physical processes
are adopted from the European Centre for Medium-Range
Weather Forecasts (ECMWF), cycle CY23R4 [White,
2001]. The horizontal resolution is �55 km and the model
has 40 hybrid levels in the vertical, of which the lowest is
�10 m above the surface. Hybrid levels follow the topog-
raphy close to the surface and pressure levels at higher
altitudes. ECMWF Reanalysis (ERA-40) fields force the
model at the lateral boundaries, while the interior of the
domain is allowed to evolve freely. ECMWF operational
analyses were used to extend the model run from October
2002 until the end of 2004. Sea surface temperature and sea
ice fraction are prescribed from ERA-40. Sea ice has a
thickness of 1 m. Bromwich and Fogt [2004] and Sterl
[2004] have shown that the quality of ERA-40 before 1980
is poor for the Southern Hemisphere: the incorporation of
satellite data from 1979 onward causes a sudden increase of
model simulated SSMB for ERA-40 as well as for

Figure 1. Antarctica with geographical features mentioned in the text. Blue areas indicate model grid
point with >10% BIA coverage according to the compilation of Winther et al. [2001]. Red diamonds
indicate meteorite stranding sites. LIS, Larsen ice shelf; GVIIS, George VI ice shelf; FRIS, Filchner-
Ronne ice shelf; WeIS, West ice shelf; ShIS, Shackleton ice shelf; RIS, Ross ice shelf; AbIS, Abbot ice
shelf; WIS, Wilkins ice shelf; AI, Alexander Island. Elevation contours are every 500 m.
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RACMO2/ANT [Van de Berg et al., 2004]. Therefore we
only use model results for the period 1980 to 2004.
[7] Several physical parameterizations within RACMO2/

ANT have been changed to better represent Antarctic
conditions. The snow albedo parameterization of Van den
Hurk and Viterbo [2003] was implemented. The base value
of the surface roughness length for momentum was changed
to 1 mm [Reijmer et al., 2004], and the expression presented
by Andreas [1987] was applied to calculate the surface
roughness lengths of heat and moisture. A four-layer snow
model has been added to improve subsurface heat fluxes
into the snowpack. These adjustments and their effect on the
representation of the boundary layer are described in more
detail by Reijmer et al. [2005]. A further correction was
applied to the precipitation scheme [Van de Berg et al.,
2004], and horizontal diffusion of moisture was decreased
which reduces artificial uphill moisture transport [Lenderink
et al., 2003]. Concentrations of CO2 and other trace gasses
were varied following IPCC 2001.

3. Data Treatment

[8] Even without snowdrift-related processes, modeled
(Ps–SU–ME) from RACMO2 strongly correlates with
1900 spatially weighted quality-controlled in situ SSMB
observations (R = 0.82 [Van de Berg et al., 2006]). This
result is remarkable given that model and observations are
completely independent, mostly cover different time periods
and that in situ observations are known to suffer from
postdepositional noise. The regression slope of 1.21 indi-
cates that accumulation is overestimated in the wetter
coastal regions and underestimated in the dry Antarctic
interior. Figure 2 (triangles) confirms that above 2000 m
asl, modeled (Ps-SU–ME) underestimates observed SSMB
by about 30 kg m�2 yr�1. Below 2000 m asl, overestimation
peaks at 50 kg m�2 yr�1 around 1000 m asl.

[9] To eliminate the elevation-dependent bias, Van de Berg
et al. [2006] nudged (Ps-SU–ME) toward observed SSMBby
applying a correction based on linear regressions in 500 m
elevation intervals. Here we assume that differences between
model and in situ observations derive from processes that are
not included in RACMO2 physics, i.e., clear-sky precipita-
tion (‘‘diamond dust’’) in the interior plateau and snowdrift
related processes (�r � TRds and SUds) further down the
slope. By consecutively adding corrections for these compo-
nents, as described in the following sections, the systematic
bias betweenmodel and observed SSMB is largely eliminated
(Figure 2, diamonds). The SSMB distribution thus obtained
forms the basis of our study.

3.1. Role of Melt ME

[10] Surface melt (ME) constitutes a small contribution to
the integrated Antarctic SSMB [Van de Berg et al., 2004].
Discontinuous summer melt in coastal areas and at the
surface of ice shelves in East and West Antarctica leads to
the formation of melt streams and lakes or ice lenses in the
snowpack [Phillips, 1998; Liston et al., 1999; Liston and
Winther, 2005]. More persistent summer melting is ob-
served in the Antarctic Peninsula [Schneider and Steig,
2002; Fahnestock et al., 2002; Torinesi et al., 2003], where
the collection of meltwater in crevasses is thought to be an
important cause for the recent disintegration of the north-
ernmost ice shelves [Scambos et al., 2000; Van den Broeke,
2005]. Elsewhere in Antarctica, meltwater produced at the
surface refreezes at some depth in the cold snowpack
(internal accumulation). Here we treat ME as a definite
negative contribution to the SSMB.

3.2. Adjusting Ps to Account for Clear-Sky
Precipitation

[11] Recent observations and model studies suggest that
on the Antarctic plateau diamond dust contributes up to

Figure 2. Top line shows observed SSMB in Antarctica binned in 500 m surface elevation intervals.
Bottom lines show difference with RACMO2 simulated SSMB before (triangles) and after (diamonds)
corrections for diamond dust and snowdrift related processes.
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50% to the solid precipitation flux (Ps) [Ekaykin et al., 2001,
2003]. This is in line with the difference between modeled
and observed SSMB above 2000 m asl (Figure 2, triangles).
Diamond dust cannot be calculated off-line because a
physical formation mechanism for it has yet to be put
forward. For elevations >2000 m we used the correction
of Van de Berg et al. [2006] that nudges RACMO2
accumulation toward in situ observations using linear
regressions in 500 m elevation bins. Between 2000 and
1500 m asl we imposed a linear transition toward zero
correction.

3.3. Estimating

#� TRds

[12] r � TRds is probably of small significance for the
integrated ice sheet surface mass balance, because most of
the eroded snow is deposited downwind on the ice sheet.
Loewe [1970] estimated that 6% of Ps is blown from the ice
sheet by katabatic winds, but Déry and Yau [2002] suggest
that r � TRds is about 2 orders of magnitude less important
than snowdrift sublimation (SUds). On a regional scale,
however, r � TRds is expected to be important for the
SSMB, especially in dry areas in the presence of large
gradients in the katabatic wind field [Van den Broeke and
Bintanja, 1995; Van den Broeke et al., 1999].
[13] To estimate annual snowdrift transport TRds

(kg m�1 yr�1), we used snowdrift frequency observations
in wind speed classes collected during the IGY (1957–
1958) at 1 Greenland and 17 Antarctic stations [Loewe,
1970]. In combination with an instantaneous wind speed-
snowdrift relation, for which we used the logarithmic expres-
sion of Budd [1966], this yields TRds as a function of annual
mean 10mwind speed V10m (Figure 3a). For V10m > 7m s�1,
log(TRds) increases approximately linearly with wind speed.
For smaller V10m, the relation becomes nonlinear in reaction
to a greater contribution of wind speeds below the threshold
friction velocity. The wind speed at which snowdrift starts is
lowest for fresh, low-density snow and strongly increases for
old, wind-packed or partly melted snow [Li and Pomeroy,
1997; Gallée et al., 2001]. By using snowdrift occurrence
observations from widely varying Antarctic conditions, this
dependence is implicitly taken into account.
[14] The above relation is applied to annual means of

RACMO2/ANT V10m, which is known to accurately repre-
sent the near-surface Antarctic wind field [Van Lipzig et al.,
2004b]. Average components of V10m are used to calculate
transport direction, after which r � TRds is calculated,
using centered differences.

3.4. Estimating SUds

[15] In steady state drifting snow conditions, sublimation
SUds represents a definite negative term in the SSMB
because mass lost by sublimating snowdrift particles is
resupplied from the surface by particles entering the sus-
pension layer. SUds alters the momentum, heat and moisture
budget of the lower atmosphere [Wamser and Lykossov,
1995; Déry et al., 1998; Bintanja, 2001a, 2001b]; the main
interaction takes place in the atmospheric surface layer,
where the air is cooled and moistened by sublimating
snowdrift particles and, in the presence of a slope, also
accelerated [Gosink, 1989]. Once airborne, snow particles
are more effectively ventilated than particles on the ground,
which is why SUds is more effective than surface sublima-

tion (SU). In the absence of drying processes, the moisten-
ing and cooling effect of snowdrift sublimation quickly
saturates the surrounding air [Mann et al., 2000], so that
after some time SUds continues only at the top of the

Figure 3. (a) Annual total snowdrift transport TRds

(kg m�1 yr�1) for 17 Antarctic and 1 Greenland station,
based on IGY observations of snowdrift frequency listed by
Loewe [1970] and using the instantaneous wind speed-snow
drift relation of Budd [1966]. (b) Surface sublimation SU,
snowdrift sublimation SUds and total sublimation SUtot

calculated for four AWS in Dronning Maud Land, East
Antarctica [Van den Broeke et al., 2004]. Each data point
represents a SU value for one AWS. Arrows indicate
changes when snowdrift is not allowed in the sublimation
calculation.
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blowing snow layer. For significant sublimation to persist
throughout the column, it is necessary that dry air is
entrained vertically or horizontally into the blowing snow
layer, or that the air is (adiabatically) heated [Bintanja,
2001a].
[16] Because of the quick saturation of the near-surface

air during snowdrift conditions, surface sublimation SU
ceases shortly after SUds becomes nonzero. One may thus
argue that, once the drifting snow layer becomes saturated
and has reached a steady state, the main effect of snowdrift
sublimation is to vertically displace the sublimating surface.
Van den Broeke et al. [2004] used AWS data, ranging in
elevation from 30 to 2900 m asl, to calculate SU and
estimate SUds from parameterizations by Déry and Yau
[2002] and Bintanja and Reijmer [2001] (Figure 3b). They
found that SUtot peaks in the katabatic wind zone, where
both SU and SUds are large, and have an approximate ratio
SU:SUds = 1:2. To mimic the situation in RACMO2 (no
snowdrift), the AWS calculations were repeated without
allowing SUds to occur, i.e., by imposing an infinitely large
threshold friction velocity. This resulted in an increased SU
(upward arrow in Figure 3b), but reduced SUtot because
SUds goes to zero (downward arrows). According to this
sensitivity test, SU in RACMO2 must be approximately
doubled to obtain a realistic SUtot. This indeed improves
RACMO2 SSMB in the 500–2000 m elevation interval
(diamonds in Figure 2). More experimental and modeling
research on snowdrift sublimation is clearly needed to
design robust parameterizations for drifting snow transport
and sublimation.

4. Geographical Distribution of SSMB
Components

4.1. Solid Precipitation Ps

[17] Figure 4a shows the 1980–2004 average of solid
precipitation Ps. Apart from the well-known decrease from
the coast to the interior ice sheet [Giovinetto et al., 1990],
the spatial distribution of Ps shows pronounced longitudinal
gradients in coastal East Antarctica, in association with
topographic disturbances that interact with the predominantly
easterly coastal circulation. Persistent onshore flow in
combination with steep coastal topography result in Ps
values in excess of 1000 kg m�2 yr�1 on westward facing
slopes in coastal East Antarctica, in the Amundsen Sea coast
of West Antarctica and the west coast of the Antarctic
Peninsula [Van den Broeke et al., 2006]. These high-
accumulation areas correspond well with high values in
passive microwave data [Zwally and Giovinetto, 1995].
Precipitation shadow effects are very pronounced every-
where along the Antarctic coastline. For instance, going
from east to west over Law Dome over a distance of
about 150 km results in a Ps difference that is larger
than 1000 kg m�2 yr�1, in agreement with observations
[Van Ommen et al., 2003]. Even larger gradients are found
over the northern Antarctic Peninsula, in agreement with
observations [Turner et al., 2002] and other high to very
high resolution regional model simulations [Van Lipzig et
al., 2004a; Bromwich et al., 2004].
[18] To highlight dry and wet areas, Figure 4b shows the

deviation of Ps from a polynomial relation between average
Ps and surface elevation (hs), using East Antarctic data

points between longitudes 30�W and 150�E (i.e., excluding
the Transantarctic Mountains):

Ps ¼ 642� 0:216 hs � 3:173 10�5 h2s þ 1:270 10�8 h3s ð2Þ

Figure 4b highlights relatively wet areas in coastal West
Antarctica, the western Antarctic Peninsula, Wilkes Land in
East Antarctica and to a lesser extent interior Dronning
Maud Land. These wet areas are characterized by large-
scale flow that is directed toward the ice sheet. A
remarkable result is that all major ice shelves (Ross Ice
Shelf, Filcher-Ronne Ice Shelf, Amery Ice Shelf, Larsen Ice
Shelf and the coastal ice shelves in Dronning Maud Land)
and the adjacent ice sheets can be classified as dry regions.
A possible reason is that these ice shelves are situated in
sheltered embayments relatively far to the south, and that
their flat surface does not generate orographic precipitation.

4.2. Total Sublimation SUtot

[19] Figure 4c shows that total sublimation (SUtot) is in
first order controlled by temperature. Other prerequisites for
strong sublimation are turbulent mixing, undersaturation of
the air and strong solar irradiance (to elevate surface
temperature/vapor pressure relative to the air); these con-
ditions are favored in regions of katabatic (downslope) flow,
which causes compression and adiabatic heating of the air
(Föhn effect). The sublimation maxima in Dronning Maud
Land and the Transantarctic Mountains also result from the
steep transition from the interior plateau to the coast, where
the descending air has limited time to take up moisture from
the surface. Over steep coastal slopes, where katabatic
winds are well developed, sublimation is maintained even
in midwinter, which significantly increases the annual
sublimation rate [Van den Broeke et al., 2004]. Elsewhere,
sublimation is a summer-only phenomenon [King et al.,
2001]. In the Antarctic Peninsula, a local sublimation
maximum is found over George VI Ice Shelf, on the leeside
of Alexander Island.

4.3. Gradients in Snowdrift Transport

#� TRds

[20] Figure 4d shows the1980–2004averageof�r�TRds.
Antarctic near surface wind is largely katabatic in nature
[Van den Broeke et al., 2002], and its direction and strength
closely related to the ice sheet topography. As a result, the
general pattern in r � TRds shows erosion in the escarpment
zone, where the ice sheet slope increases and katabatic
winds accelerate (1-D divergence), and snowdrift deposition
in the coastal zone, where the opposite happens (1-D
convergence [Takahashi, 1988]). Superimposed on this are
longitudinal variations in r � TRds associated with 2-D
topographic features: topographic protrusions cause diver-
gence of the wind field and erosion, while valley-like
features cause convergence of the wind field and snowdrift
deposition. The strongest erosion is found in eastern Dron-
ning Maud Land, where both effects occur simultaneously.
Figure 4d broadly agrees with Bromwich and Fogt [2004],
although mass fluxes are smaller in their study.

4.4. Surface Melt ME

[21] Satellite passive microwave radar data confirm the
melt area distribution presented in Figure 4e [Torinesi et al.,
2003; Fahnestock et al., 2002; Scambos et al., 2003].
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Melting is limited to elevations below 1500 m. In coastal
East Antarctica, significant melt rates (50–100 kg m�2 yr�1)
are found over the northward protruding West Ice Shelf and
Shackleton Ice Shelf (Figure 1). In West Antarctica, the
Abbot Ice Shelf experiences similar melt rates. The stron-
gest melting is found in the Antarctic Peninsula, especially
on Wilkins Ice Shelf (up to 300 kg m�2 yr�1) and (former
parts of) Larsen Ice Shelf (up to 600 kg m�2 yr�1). These

melt rates are confirmed by calculations based on in situ
AWS data [Van den Broeke, 2005].

4.5. SSMB and Ablation Areas

[22] Figure 4f shows the average SSMB (1980–2004),
with ablation areas (SSMB < 0) shown in grey. Variability
in Ps accounts for most SSMB patterns, but important
regional modifications are found. Ablation areas occur in

Figure 4. RACMO2 modeled (a) solid precipitation Ps, (b) deviation of Ps from equation (2), (c) total
sublimation SUtot, (d) snowdrift transport convergence�r �TRds, (e) meltME and (f) specific surfacemass
balance (SSMB) with meteorite collection sites (black diamonds). All mass fluxes are in kg m�2 yr�1.
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Dronning Maud Land, the Lambert Glacier basin, Victoria
Land, the Trans-Antarctic Mountains (both along the Ross
and Filchner-Ronne ice shelves), and the Antarctic Penin-
sula. All these areas are characterized by low Ps values
(Figure 4b). The total modeled ablating surface is 259 	
103 km2, 1.9% of the ice sheet surface (including ice
shelves).
[23] Validation of the modeled ablation area distribution

is difficult. As a first approximation, blue ice areas (BIAs)
can be used as a proxy for ablation areas. Figure 1 shows
the distribution of model grid points where BIA cover
exceeds 10%, using the 1-km-resolution, AVHRR imag-
ery–based inventory of BIAs by Winther et al. [2001].
Including potential BIA pixels, these authors arrive at an
estimated BIA surface of 241 	 103 km2, or 1.7% of the
Antarctic ice sheet area (including ice shelves). If only
‘‘wind-induced’’ BIAs are counted, BIA fraction decreases
to 0.5%. We suspect that many of the low-elevation BIAs in
Figure 1 are associated with summer melting, creating ice
layers or frozen lakes that appear dark on satellite imagery
but do not necessarily imply net ablation [Winther et al.,
1996]. This is confirmed by the spatial distribution of
meteorite collection sites (red diamonds in Figure 1 [Cassidy
et al., 1992]), where the ice motion is upward which ensures
that SSMB < 0. With one or two exceptions, all these sites
are situated away from the coast.
[24] The spatial distribution of meteorite collection sites

in Figure 1 qualitatively supports the modeled distribution
of ablation areas in Figure 4f. Modeled ablation areas are
sometimes displaced relative to the observed sites, but one
should not forget that BIAs represent the ultimate manifes-
tation of ablation; formulated in a Lagrangian framework: if
the moving ice sheet surface enters an ablation area, it takes
time before the 70–100 m thick firn layer has completely
ablated away and a BIA is formed. For this to happen, a
total mass loss of app. 60 	 103 kg m�2 is required,
assuming the firn layer to be 100 m thick with an average
density of 600 kg m�3. With a typical ablation rate of 50 kg
m�2 yr�2, this takes 1200 years. Assuming an ice velocity
of 10–30 m yr�1 (a typical value away from ice streams
[Bamber et al., 2000]), the ablating surface has traversed a
distance of 12–36 km before a BIA is formed. It thus
depends on the combination of ablation rate, ice velocity
and length of the ice trajectory through the ablation area
whether or not a BIA is formed. That is why BIAs are often
found near rocky outcrops that obstruct the ice flow,
resulting in very low ice velocities. Sometimes not only
the firn layer, but the entire ice sheet has been removed by
ablation processes, exposing the bedrock to the atmosphere
(‘‘dry valleys’’).
[25] Surface melting can also cause net ablation, but in

the cold Antarctic climate this only happens in the northern

extremity of the Antarctic Peninsula (Figure 4f). As climate
grows warmer, this type of Antarctic ablation area is
expected to become more widespread.

5. SSMB Profiles Through Selected Ablation
Areas

[26] To elucidate the role of the various SSMB compo-
nents in the formation of Antarctic ablation areas, Figures
5b–5j show profiles through nine selected ablation areas.
These profiles are numbered as in Figure 1, where each dot
represents a model grid point. Figure 5a shows the average
SSMB profile for East Antarctica between longitudes 30�W
and 150�E. In this East Antarctic average (Figure 5a),
melting is small (note that the model defines ME = 0 over
sea ice). A maximum Ps > 700 kg m�2 yr�1 is found 100 km
seaward of the ice sheet grounding line, and Ps quickly
decreases further inland with values of �600 kg m�2 yr�1

at the grounding line, �400 kg m�2 yr�1 at 1000 m asl,
�200 kg m�2 yr�1 at 2000 m asl and �60 kg m�2 yr�1 at
3000 m asl. At 1000 m asl, where the surface slope is
steepest, SUtot peaks and removes one third of Ps. Snow-
drift transport divergence �r � TRds is slightly negative
over the elevation interval 1500–2500 m asl, and positive at
lower elevations. Some drifting snow is deposited over the
sea (ice), indicating that �r � TRds represents a negative
contribution (about 0.5% of Ps) to the spatially integrated
ice sheet surface mass balance.

5.1. Dronning Maud Land

[27] Figure 5b shows SSMB components along a profile
crossing the ablation area in the Schirmacher Hills in
Dronning Maud Land (profile 1 in Figure 1). The topogra-
phy in this area is rugged and characterized by a steep
transition from the plateau to the grounding line and an
adjacent ice shelf that is approximately 100 km wide. The
model topography is considerably smoother than reality,
which will result in smoothed mass balance gradients. At
the grounding line, Ps is just 250 kg m�2 yr�1, or 40% of
the East Antarctic average (Figure 5a). In the elevation
interval 300 to 1000 m, the steep slope forces strong
sublimation (<�200 kg m�2 yr�1), resulting in net ablation
in spite of significant snowdrift deposition.
[28] Further east, profile 2 crosses the Sør Rondane

Mountains (Figure 5c). Along this profile, two separate
ablation areas are found. Between 2800 and 3200 m asl, the
diverging katabatic wind field flowing around the Sør
Rondane Mountains causes significant snowdrift erosion,
resulting in the most elevated Antarctic ablation area with
the strongest ablation (<�200 kg m�2 yr�1). Air temper-
atures at these elevations are too low for significant subli-
mation to occur [Van den Broeke et al., 2004], so this

Figure 5. Profiles of surface elevation (dashed line) and SSMB components crossing selected Antarctic ablation areas in
Dronning Maud Land: (a) Average for East Antarctica between 30�W and 150�E, (b) Schirmacher Hills, (c) Sør Rondane
Mountains, and (d) Queen Fabiola Mountains. Profiles of surface elevation (dashed line) and SSMB components crossing
selected Antarctic ablation areas in other parts of East Antarctica: (e) Lambert glacier basin, (f) Alan Hills and Dry Valleys,
(g) TransantarcticMountains, and (h) PensacolaMountains. Profiles of surface elevation (dashed line) and SSMB components
crossing selected Antarctic ablation areas in the Antarctic Peninsula: (i) Middle Antarctic Peninsula and (j) Northern
Antarctic Peninsula. All profiles are numbered and indicated in Figure 1. Note that over sea by model definition
SU = ME = 0.
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Figure 5

D18110 VAN DEN BROEKE ET AL.: ANTARCTIC ABLATION AREAS

8 of 14

D18110



Figure 5. (continued)
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ablation area is purely caused by snowdrift erosion. At
elevations between 600 and 1300 m asl, sublimation is
sufficiently strong (<�350 kg m�2 yr�1) to overcome the
significant snowdrift deposition and cause net ablation.
[29] Again further east, we encounter the ablation areas of

the Queen Fabiola Mountains on Mizuho Plateau (profile 3).
According to the model, the ablation areas between 2100
and 2700 m asl are mainly caused by snowdrift erosion
(Figure 5d), in agreement with an earlier study [Takahashi
et al., 1988]. Lower along the profile, snowdrift deposition
results in large SSMB gradients (see also Figure 4e), in
agreement with in situ stake observations [Watanabe, 1997].
For an extensive area spanning the elevation interval be-
tween 0 and 1300 m asl, sublimation and solid precipitation
nearly cancel so that SSMB is very small.

5.2. Lambert Glacier Basin

[30] With Ps < 100 kg m�2 yr�1 above the grounding line
(Figure 5e), the basin of the Lambert Glacier is very dry and
harbors the largest spatially continuous ablation area in our
model (Figure 4f) as well as in observations (Figure 1).
Snowdrift erosion/deposition is very active in this region:
the lower basin and adjacent Amery ice shelf act as
snowdrift collectors, while the upper basin shows alternat-
ing patterns of deposition and erosion (Figure 4d). In the
higher parts along profile 4 (Figure 5e), these alternating
patterns dominate variations in SSMB, resulting in ablation
areas around 2000 and 1200 m asl, the latter in combination

with sublimation. A third ablation area is found just above
the grounding line, driven by sublimation.
[31] A small (one model grid point) coastal ablation area

is predicted east of the Amery Ice Shelf, near sea level. This
is where the ice free Vestfold Hills and adjacent ice sheet
ablation area are found [Bronge, 1996]. In our model, this
is the lowest and most northerly ablation area outside of
the Antarctic Peninsula. Judging from satellite imagery, the
surface area experiencing ablation must be close to the
lower model detection limit of 55 	 55 km. Figures 4a and
4b show that the Vestfold Hills are located in the precipi-
tation shadow of a relatively minor outcrop in the Antarctic
coastline, west of which the coast trends southward toward
the Amery Ice Shelf. This results in one of the lowest solid
precipitation rates found along the East Antarctic coastline
(120 kg m�2 yr�1), surpassed only by coastal Victoria Land
(see next section). In spite of significant snowdrift deposi-
tion (60 kg m�2 yr�1), total sublimation is large enough to
make the local SSMB negative. Similar dry coastal sites are
found further west in Enderby Land and coastal Dronning
Maud Land, and further east in the rain shadow of protru-
sions like Law Dome and east of the Shackleton Ice Shelf.
Ablation areas are also known to occur there but these are
below the model detection limit.

5.3. Victoria Land

[32] Coastal Victoria Land is characterized by the lowest
precipitation rates along the entire East Antarctic coast,

Figure 5. (continued)
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Ps < 50 kg m�2 yr�1 (Figure 5f ). The reason for this dry
coastal climate is that the regional large-scale pressure
gradient forces predominantly southerly winds along the
Transantarctic Mountains [Van den Broeke and van Lipzig,
2003]. As a result, the air that is advected toward coastal
Victoria Land contains very little moisture. The eastward
protruding topography just to the south of Victoria Land
captures what little moisture remains (Figure 4a). Above
2000 m asl along profile 5 (Figure 5f), snowdrift erosion
causes an ablation area that coincides with the location of
Alan Hills icefields, a well known meteorite stranding site.
At lower elevations along this profile, the main ablating
process is sublimation (Figure 5f). Disregarding the slight
positive SSMB between these two points along the profile,
SSMB is negative over a horizontal distance in excess of
250 km and an elevation interval of more than 2000 m. It
is not surprising therefore that the most extensive ice-free
areas of Antarctica, the McMurdo Dry Valleys, are found
here. It must be kept in mind that the model topography is
too coarse to resolve the individual valleys of the Dry
Valleys, and that a lower albedo for bare ground has not
been prescribed. The SSMB profile presented in Figure 5f
is therefore only indicative of conditions in which the
Dry Valleys were still snow covered, without the albedo
feedback.

5.4. Transantarctic Mountains

[33] Profiles 6 and 7 (Figures 5g and 5h) connect the East
Antarctic plateau to the surface of the Ross and Filchner-
Ronne ice shelves, respectively. Apart from local Ps maxima
caused by topographic protrusions, these are dry regions
with Ps < 100 kg m�2 yr�1. On either side of the local Ps
maximum along profile 6, ablation areas occur, by snowdrift
erosion on the plateau at 2800 m asl, and by sublimation at
the foot of the mountains. Along profile 7 that runs through
the PensacolaMountains, all mass fluxes are small (Figure 5h).
According to our calculations, the elongated ablation area
is caused mainly by snowdrift erosion. Model topography
is barely sufficient to capture the individual glacier valleys,
which are known to serve as gates for air drainage from
the plateau to the Ross Ice Shelf. In reality, therefore, the
strongest sublimation rates will occur on these localized
glaciers, where widespread blue ice areas are known to
exist.

5.5. Antarctic Peninsula

[34] Profiles 8 and 9 (Figures 5i and 5j) cross the
Antarctic Peninsula (AP) and adjacent ice shelves from
west to east. High solid precipitation rates Ps > 1000–
2000 kg m�2 yr�1 are modeled on westward facing slopes,
decreasing to typically 400 kg m�2 yr�1 on the leeward east
coast of the AP. These precipitation rates are sensitive to the
resolved height of the Peninsula [Van Lipzig et al., 2004a]
but our results match quite well the sparsely available
observations [Van de Berg et al., 2006]. Profile 8, crossing
the middle AP, shows a triple precipitation maximum in
response to the complex topography. Significant melt and
sublimation is modeled over the low-lying islands and ice
shelves west of the AP. Melt at the surface of Wilkins Ice
Shelf equals 180 kg m�2 yr�1, but Ps is too high to allow net
ablation. Situated in the lee of Alexander Island, solid
precipitation over George VI Ice Shelf is not enough to

counteract the combined ablation by melting and sublima-
tion resulting in net ablation.
[35] Profile 9 crosses the AP further to the north, where

the topographic barrier is lower and narrower. Strong
melting (400–600 kg m�2 yr�1) is modeled over (former)
Larsen Ice Shelf, in good agreement with calculations based
on AWS data [Van den Broeke, 2005]. The combination of
strong melting and a modest solid precipitation flux results
in net ablation, which may explain why this section of
Larsen Ice Shelf disintegrated in 1995 and 2002.

6. Discussion and Conclusions

[36] The regional atmospheric climate model RACMO2/
ANT, with snowdrift-related processes calculated offline,
realistically simulates the occurrence of Antarctic ablation
areas in Dronning Maud Land, the Lambert Glacier Basin,
Victoria Land, the Transantarctic Mountains and the Ant-
arctic Peninsula. An important prerequisite for the occur-
rence of Antarctic ablation areas is a low solid precipitation
flux, which enables one or a combination of the ablation
processes (sublimation, melt and snowdrift erosion) to cause
net ablation. Because precipitation in the stable Antarctic
atmosphere is mainly caused by forced lifting, the interac-
tion between atmospheric circulation and topography plays
a decisive role in the distribution of ablation areas. In
coastal East and West Antarctica, where large-scale winds
are from the east, dry areas are found west of northward
protruding topographic obstacles and all regions bordering
coastal ice shelves. In the Antarctic Peninsula, which is
situated mostly in a westerly circulation, dry areas are found
on the east side of the mountains. The following types of
Antarctic ablation area can be distinguished:
[37] 1. Type 1 includes erosion-driven ablation areas,

caused by 1-D and/or 2-D divergence in the katabatic wind
field. This type occurs at high elevations, >2000–3200 m
asl, where solid precipitation and sublimation are small but
where divergence in the snowdrift transport can be consid-
erable. This type is found in eastern Dronning Maud Land,
the Lambert Glacier basin, Victoria Land and along the
Transantarctic Mountains.
[38] 2. Type 2 includes sublimation-driven ablation areas.

This type occurs at the foot of steep topographic barriers,
where temperature and wind speed are high and relative
humidity low. This type is generally found in the same
regions as type 1, but at lower elevations (<2000 m).
[39] 3. Type 3 includes melt-driven ablation areas, caused

by (summer) melting. This type is found at the surface of
the (former) Larsen Ice Shelf in the northern Antarctic
Peninsula, situated in the precipitation shadow of topo-
graphic barriers, such as Larsen Ice Shelf.
[40] Interestingly, the ablation area in the northern AP

(Figure 4f) coincides with those parts of Larsen Ice Shelf
that have disintegrated since 1986, following a rapid but
still unexplained atmospheric warming [Morris and
Vaughan, 2003; Vaughan et al., 2003]. A link between
surface meltwater production and ice shelf disintegration
was suggested by Scambos et al. [2000, 2003].
[41] A combination of types is possible. A combination of

types 1 and 2 requires special topographic conditions,
because high sublimation rates at the foot of steep topog-
raphy usually occur in combination with snowdrift deposi-
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tion rather than erosion. Examples of combined Type1/2
ablation areas are found in the Lambert Glacier basin at
middle elevations (1000–1500 m asl) (profile 4) and in the
Pensacola Mountains (profile 7). A combination of types 2
and 3 is found in the middle Antarctic Peninsula, where
sublimation as well as seasonal melting is significant over
ice shelves (e.g., George IV Ice Shelf, profile 8). Geological
evidence suggests that George VI Ice Shelf disappeared
during the Holocene optimum, which was only slightly
warmer than the present climate [Bentley et al., 2005].
Our results suggest that ablation on George VI Ice Shelf
is mainly sublimation driven, and that melting is four to six
times weaker than at former Larsen Ice Shelf. According to
the meltwater theory suggested by Scambos et al. [2003],
this could explain the ice shelf’s persistence under the
present climate conditions. However, note that the model
resolution is too low to fully resolve the topography of
George VI Ice Shelf, placing it 200 m above sea level

(Figure 5i), which likely results in underestimated melt and
sublimation.
[42] Antarctic ablation areas represent extremes in the

interaction between climate and ice sheet mass balance. It
has been suggested in the past that they can be used as
climate indicators, for instance because types 1 and 2 will
likely decrease in size when solid precipitation increases
over Antarctica in a warmer climate [Van Lipzig et al.,
2002b]. Type 3 may become more abundant when low-level
melting at the surface of ice shelves increases. During the
period considered here (1980–2004), no significant corre-
lation is found between any of the continent-integrated
SSMB components and the size of ablation areas (Figure 6).
No trend is found in any of the Antarctic SSMB compo-
nents, nor in the size of ablation areas (Figure 6). A more
in-depth investigation of Antarctic mass balance in a
warmer climate and the associated change in ablation areas
will be based on a new simulation of Antarctic climate
with RACMO2/ANT using 2 	 CO2 forcing conditions.

Figure 6. RACMO2 modeled annual mean (a) continent-averaged SSMB components and (b) surface
of Antarctic ablation areas. Dashed line denotes ablation area surface when full period (1980–2004) is
considered.
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