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The regional climate model HIRHAM has been applied to Antarctica driven at the lateral and lower boundaries by European
Reanalysis data ERA-40 for the period 1958–1998. Simulations over 4 decades, carried out with a horizontal resolution of 50 km,
deliver a realistic simulation of the Antarctic atmospheric circulation, synoptic-scale pressure systems, and the spatial distribution
of precipitation minus sublimation (P-E) structures. The simulated P-E pattern is in qualitative agreement with glaciological
estimates. The estimated (P-E) trends demonstrate surfacemass accumulation increase at the West Antarctic coasts and reductions
in parts of East Antarctica. The influence of the Antarctic Oscillation (AAO) on the near-surface climate and the surface mass
accumulation over Antarctica have been investigated on the basis of ERA-40 data and HIRHAM simulations. It is shown that the
regional accumulation changes are largely driven by changes in the transient activity around the Antarctic coasts due to the varying
AAO phases. During positive AAO, more transient pressure systems travelling towards the continent, and Western Antarctica and
parts of South-Eastern Antarctica gain more precipitation and mass. Over central Antarctica the prevailing anticyclone causes a
strengthening of polar desertification connected with a reduced surface mass balance in the northern part of East Antarctica.

1. Introduction

Antarctica responds to regional and global climate forcing
factors. Doran et al. [1] observed a rapid surface warming
on the Antarctic Peninsula and evidence of cooling elsewhere
on the continent by analyzing station data from 1966 to
2000. Controversially Steig et al. [2] reported a significant
warming, which extends well beyond the Antarctic Peninsula
and covers most of West Antarctica. Jacobs and Comiso [3]
documented declining sea ice extent in the mid and late 20th
century around the Antarctic as a whole and regionally in the
Amundsen and Bellingshausen Seas.

Vaughan et al. [4] discussed the insufficient current
knowledge of the mechanisms and spatial distribution of
climate change and showed that only large-scale variations
can be predicted with some degree of confidence. Connolley
and O’Farrell [5] explained that with coarse resolution and
simplified physics, the current generation of Global Climate
Models (GCMs) do not capture regional climate change

with high skill. Although GCMs constitute the primary
tool for capturing the behaviour of Earth’s climate system,
Regional Climate Model (RCM) systems with higher spatial
and temporal resolutions can add value at medium scales to
the climate statistics when driven by GCMs with accurate
large scales.

A major component of interannual to decadal vari-
ability in the Southern Hemisphere (SH) is the Antarctic
Oscillation (AAO), described by Gong and Wang [6]. This
oscillation refers to a large-scale alternation of atmospheric
mass between the mid-latitude and high-latitude surface
pressures and describes the principal mode of variability in
the SH. It represents the strengthening and weakening of
the belt of tropospheric westerlies surrounding Antarctica.
The AAO shifted into a positive oscillation phase over
recent decades as a result of stratospheric ozone depletion,
greenhouse gas changes, and natural factors, including the
variability in the tropical Pacific sea surface temperatures
described by Gillett and Thompson [7] and Fogt and
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Bromwich [8]. The question arises, how these global scale
changes are imprinting on regional climate changes over
Antarctica. Marshall et al. [9] examined the relationship
between the AAO and Antarctic near-surface temperatures
using data from Antarctic stations for 1957–2004. These
studies demonstrated that this correlation is positive over
the Antarctic Peninsula and negative elsewhere over the
continent. Changes in the meridional pressure gradient
during the positive AAO have intensified the westerlies that
encircle Antarctica and affect the North-Western Peninsula.
Van de Berg et al. [10] analysed simulations with the
RACMO model from 1958–2002 to assess the response
of Antarctic near surface climate to AAO changes. Their
modelled surface mass balance agreed well with earlier model
simulations and observational estimates but overestimated
the mass balance at the steep coastal slopes of Antarc-
tica.

Because observations of precipitation are very limited
in Antarctica, one way to understand the precipitation
variability is through RCM simulations driven by reanal-
ysis. RCMs have proven be particularly useful in regions
of complex topography and for simulating precipitation
processes providing accurate time-varying lateral boundaries
of the model domain. The transfer of heat, moisture, and
momentum across the boundaries plays a fundamental role
in mesoscale circulations. Recent changes in the hydrological
cycle with impacts on precipitation and accumulation pat-
terns are influenced by substantial shifts in the AAO. With
the AAO trending toward a more positive phase, atmospheric
circulation changes also effect climate conditions over
Antarctica. It is therefore of interest to analyze the trends in
Antarctic precipitation and accumulation and to investigate
how much of this can be attributed to the major climate
variability mode of the SH, the AAO. An attempt is made
here to explain the trends in Antarctic precipitation and
accumulation in relation to long-term changes in the AAO.
Owing to the short and sparse record of high quality data in
the SH, simulations with a high resolution regional climate
model, driven by reanalysis data, are analysed. Surface
mass balance defined as “precipitation minus sublimation
minus runoff” is the component of the total ice sheet mass
balance that is most directly affected by atmospheric climate
changes. Detailed studies of climate change in particular
in regions of strong topographical contrasts such as ice
sheet margins, require high-resolution information provided
through RCM simulations or stretched-grid atmospheric
general circulation model, examined by Krinner et al.
[11].

One important advance for understanding atmospheric
behaviour around and over Antarctica has come from
reanalysis products, which allows to undertake atmospheric
studies at the SH high-latitudes with a level of confidence
not available before. Monaghan et al. [12] examined the
variability and trends in Antarctic precipitation minus
evaporation (P-E) from RCM fields and reanalysis from
1985 onward. The trends in the NCEP/NCAR reanalysis are
positive, while the ERA-40 trends are negative. Their scatter
clearly indicates that Antarctic precipitation variability is
markedly different between the reanalysis. Monaghan et al.

[12] conclude that the precipitation trend from ERA-40 is
the most realistic, as ERA-40 has the best agreement with
available observations from 1985–2001 over the majority of
the continent. The period for which ERA-40 precipitation
might be considered most reliable is subsequent to the
discontinuity that occurred in 1979. Trenberth et al. [13]
detected spurious trends in both the mass of dry air
and atmospheric moisture arising from changes in the
observing system, especially prior to 1979 before reliable
satellite data became available for global analyses. Spurious
fluctuations in global mean surface pressure on the order
of 0.6 hPa occur and primarily arise from low quality
analyses over the Southern Oceans with surface pressures
generally higher around Antarctica. Jones and Lister [14]
showed that different reanalysis differ most strongly over
Antarctica.

In this paper we apply the regional climate model
HIRHAM on a circum-Antarctic domain and analyse a 40-
year-long simulation 1958–1998 driven by ECMWF reanal-
ysis (ERA-40 data). Regional Antarctic climate changes for
the two 20-year-long time slices 1958–1978 and 1979–1998
and for positive and negative AAO phases have been studied
focussing on changes in synoptic pressure systems and the
surface mass accumulation (P-E). In Section 2 we describe
the applied HIRHAM RCM and the driving lower and lateral
boundary reanalysis data. In Section 3, we present results of
the HIRHAM simulations and compare them with reanalysis
data. Section 4 gives a summary.

2. The RCM Set-Up

The RCM employed in this study is the HIRHAM model
described for an Arctic application area by Dethloff et al. [15]
and Rinke et al. [16]. It is a primitive equation hydrostatic
model of the atmosphere configured at a 55 km horizontal
resolution and 25 vertical levels in a hybrid sigma-pressure
coordinate system with the lowest level at 12 m, 10 level in
the lowest 1 km, and the top at 10 hPa. The model has been
adapted to the extreme Antarctic conditions by introducing
five additional vertical model layers in the lowest 1000 m
within the atmospheric planetary boundary layer to better
resolve near surface inversions, katabatic wind and the low-
level wind jet. The lowest model layer was introduced at 12 m
above the surface to capture the strong temperature and wind
gradients near the surface. A detailed comparison of these
HIRHAM simulations with station data is presented by Xin
et al. [17] for the three East Antarctic stations Davis, Mawson
and Casey.

HIRHAM is forced at its boundaries by ECMWF reanal-
ysis ERA-40 at T 106 truncation, corresponding to a hor-
izontal resolution of approximately 125 km, [18]. Marshall
[19] demonstrated that ERA-40 is currently the reanalysis
that best represents mean sea level pressure (MSLP) at SH
high-latitudes, although significant biases may occur prior
to the assimilation of satellite sounder data. The model is
forced at the lateral boundaries by temperature, horizontal
wind, specific humidity and surface pressure, updated every
6 hours. No nudging method, like, for example, spectral
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Figure 1: HIRHAM model domain with topography. Elevation contours (m).

nudging as suggested by Von Storch et al. [20] has been
applied. At the ocean lower boundary, the model is forced
by sea surface temperatures (SSTs), daily updatedcsea ice
fraction, and a constant sea ice thickness of 2 m. The
sea ice and ice sheet surface temperatures are calculated
prognostically via a heat balance equation linearised in both
temperature and time. The model domain used in this study
consist of 122 × 110 grid points, centered at the South Pole
with a horizontal polar stereographic projection of 55 km.
Figure 1 shows the topography in the model domain with
elevation contours (m).

HIRHAM contains the physical parameterization pack-
age of the general circulation model ECHAM4 [21] which
includes radiation, cumulus convection, planetary boundary
layer and land surface processes, and gravity wave drag. The
land surface scheme considers the heat and water budgets
in the soil, snow cover and land and the heat budget of
permanent land and sea ice. The albedo of snow and ice
surfaces is a function of surface temperature. A diagnostic
cloud scheme is used and sub-grid-scale condensation and
cloud formation is taken into account by specifying appro-
priate thresholds for relative humidity depending on altitude
and static stability. The cloud cover fraction at each model
level is parameterised as a nonlinear function of the grid cell
mean relative humidity at this level. The total cloud cover
in a vertical column represents a type of maximum random
overlap. With this approach, vertically continuous clouds
are assumed to be overlapped to their maximum possibility,
while clouds at different heights, that are separated by an
entirely cloud-free model level, are randomly overlapped. A
time step of 120 seconds is used.

The accuracy of RCM simulations is limited by the
initial and lateral boundary conditions obtained from the
reanalysis, the domain size, the resolution and the physical
parameterization schemes. The lateral boundaries are placed
far enough from the Antarctic coasts to reduce the impact
of the lateral boundaries as discussed by Rinke and Dethloff
[22] and Wu et al. [23]. The HIRHAM model has been
applied on a circum-Antarctic domain and a long term
climate model simulation from 1958–1998 was carried out.
The model was validated against ERA-40 reanalysis data and
selected station data and it appeared that the climatological
mean patterns of 2 m air temperature, mean sea level
pressure, and 500 hPa geopotential and their interannual
variability can be reproduced by the model (not shown). This
is in agreement with Bromwich et al. [24], who conclude that
RCMs tend to show smaller temperature and precipitation
biases in Antarctica compared to global circulation models if
driven by boundary conditions from data reanalysis.

3. RCM Simulation Results

3.1. Spatial Patterns of Surface Wind and Trends of Accumula-
tion. A main factor controlling the atmospheric circulation
of Antarctica is the persistent near surface wind connected to
surface inversions. Figure 2 displays the 12 m wind vectors,
interpolated for ERA-40 during Southern Hemisphere winter
(JJA) and summer (DJF) conditions averaged over the
simulation period 1958–1998 by ERA-40 and HIRHAM. The
different topography resolution of ERA-40 and HIRHAM
affects the wind vectors. During summer and winter the
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Figure 2: (a) Wind speed contours (m/s) and wind direction (arrows) at the lowest HIRHAM level at 12 m during Southern Hemisphere
summer (DJF) for the period 1958–1998. ERA-40 (top) and HIRHAM (bottom). (b) Wind speed contours (m/s) and wind direction (arrows)
at the lowest HIRHAM level at 12 m during Southern Hemisphere winter (JJA) for the period 1958–1998. ERA-40 (top) and HIRHAM
(bottom).

mean wind vectors and wind speed around the Antarctic
coasts and over the continent from the HIRHAM simulations
reproduce the ERA-40 reanalysis data. The HIRHAM meso-
scale simulations clearly produce the continent scale drainage
flow over East Antarctica. The flow is deflected to the left
by the Coriolis force producing a net easterly component
to the flow over Antarctica. HIRHAM simulates stronger
wind fields over the coastal line and the near surface winds
compared to ERA-40 are stronger during summer by 2 m/s
and by 4–6 m/s during winter. Katabatic winds are most
pronounced near the coast, where the ice sheet has its

strongest slope. The major differences between HIRHAM
and ERA-40 occur at the coastlines and valleys as a result of
the different horizontal resolution. The stronger HIRHAM
katabatic winds agree better with station data around
the Antarctic coasts. The associated drift snow effects are
important for the redistribution of the snowfall. During
winter HIRHAM simulates lower wind speeds over the
continent maintaining the strong surface inversions there,
which is in agreement with the inner Antarctic station data at
Amundsen-Scott and Vostock provided by British Antarctic
Survey (BAS) (http://www.antarctica.ac.uk/met/READER).
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Figure 3: Annual net surface mass accumulation “precipitation
minus sublimation (P-E)” (mm/year) averaged over the time period
1958–1998 for ERA-40.

Because snow accumulation is critical in determining
the evolution of the mass balance of the ice sheets, the
precipitation amount is the most critical parameter for a
accurate determination of accumulation. The accumulation
term is the primary mass input to the Antarctic ice sheets,
and is the net result of precipitation, sublimation/vapour
deposition, drifting snow processes, melt and ice mass flux
divergence. Precipitation is dominant among these compo-
nents and establishing its spatial and temporal variability
is necessary to assess ice sheet surface mass balance. The
precipitation pattern is influenced to first order by the
cyclonic activity around the Antarctic topography. Most of
the precipitation fall along the steep coastal margins and is
caused by orographic lifting of relatively warm, moist air
associated with the transient, synoptic-scale cyclones that
encircle the continent.

The most reliable source for identifying the spatial distri-
bution of Antarctic precipitation (not shown) comes from
the long-term annual accumulation depiction synthesized
over the Antarctic ice sheets from glaciological data by
Vaughan et al. [25], superseded by Arthern et al. [26].
Figure 3 displays the net mass accumulation described by
the difference between “precipitation minus sublimation
(P-E)” for ERA-40 and Figure 4 for HIRHAM over the
whole simulation period 1958–1998. Obvious differences
between the ERA-40 and the HIRHAM mass accumulation
pattern occur not only in the inner Antarctica but also
at the coastal regions of West and East Antarctica. The
HIRHAM simulations are in qualitative agreement with
the glaciological compilations of Antarctic mass balance,
by Vaughan et al. [25] and Arthern et al. [26]. Compared
to those accumulation analysis, all major features are well
reproduced, with large values along the coast of East and
West Antarctica, and over the Antarctic Peninsula and
small amounts over the plateau of East Antarctica. The
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Figure 4: Annual net surface mass accumulation “precipitation
minus sublimation (P-E)” (mm/year) averaged over the time period
1958–1998 for HIRHAM.

largest annual precipitation (not shown) are found at the
Western Antarctic Peninsula, coastal West Antarctica and
coastal Wilkes Land due to the forced convection of the
atmospheric flow over the ice-sheet topography. With the
surface wind fields from the RCM simulations shown in
Figure 2, the impact of drifting snow redistribution on
snow accumulation is also assessed. The simulated HIRHAM
accumulation fields along the Antarctic Peninsula and the
coastal regions of the Bellingshausen and Amundsen Seas
in West Antarctica are higher than those of Vaughan et
al. [25]. Whereas the modelled accumulation is under-
estimated in the central Antarctic compared to Vaughan
et al. [25], it is overestimated in the coastal areas, a
feature detected and described also by Bromwich et al.
[24] running the Polar MM5 model for the three years
1996–1999. The mean accumulation maps of Arthern et al.
[26] are similar to previous compilations by Vaughan
et al. [25] with high accumulation in coastal regions
and very low accumulation rates in the interior of the
continent. Compared to the former version of HIRHAM
with only 19 levels (not shown) the increase to 25 levels
reduces this underestimation over the inner Antarctic. Since
HIRHAM computes the total cloud cover in a vertical
column through a maximum random overlap, the vertical
layering influences the total cloud cover and could impact
on precipitation. As shown by Magand et al. [27] this
underestimation of model accumulation on the Antarctic
Plateau may reveal actual over estimation in the observa-
tions.

Raphael [28] showed that the SH high-latitude circula-
tion shifted after 1975 into a new atmospheric circulation
regime. Bromwich and Fogt [29] explained, that satellite
radiances have been assimilated into ERA-40 reanalysis
products beginning from 1979. Therefore the whole 40 year
RCM simulation period from 1958 to 1998 was divided into
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Figure 5: (a) Difference (S2−S1) of the annual net surface mass accumulation “precipitation minus sublimation (P-E)” (mm/year), shaded.
Time period S1: 1959–1978. Time period S2: 1979–1998. ERA-40 (top) and HIRHAM (bottom). The areas of significant changes above the
95% confidence level are indicated by contours. White spaces indicate regions with a confidence level below 95%. (b) Difference (S2− S1) of
the annual mean sea level pressure (hPa). Time period S1: 1959–1978. Time period S2: 1979–1998. ERA-40 (top) and HIRHAM (bottom).
The areas of significant changes above the 95% confidence level are indicated by contours. White spaces indicate regions with a confidence
level below 95%.

two 20-year-long records. In discussing the differences, we
have to keep in mind, that in the first period the ERA-40
data are not constrained by satellites and the trends may be
erroneous and contaminated as stated by Trenberth et al.
[13].

Figure 5(a) presents the differences between the two
20-year-long time periods (1979–1998 “S2” minus 1959–
1978 “S1”) in the net mass accumulation from ERA-40
and HIRHAM simulations and their statistical significance.
To determine the statistical significance of changes between
the two time slices, a student’s t-test with unequal vari-
ances for the mean sea level pressure (MSLP) and the

net mass balance differences was used. Figure 5(b) shows
the corresponding differences in the MSLP between both
time slices and their statistical significances. Whereas the
MSLP changes between ERA-40 and HIRHAM are quite
similar, bigger differences occur in the accumulation pattern.
The areas of statistical significant changes in HIRHAM are
smaller and occur at the West Antarctic and South-East
Antarctic coasts. The MSLP over the continent may be
biased as a result of different topography between ERA-
40 and HIRHAM due to the extrapolation for pressure
levels larger than 500 hPa. Since surface pressure over the
Antarctic ice sheet is inhomogeneous, Genthon et al. [30]



Advances in Meteorology 7

used the 500 hPa geopotential height as the first level
not affected by the Antarctic topography. Xin et al. [17]
showed in a detailed study for three East Antarctic stations
Mawson, Davis and Casey, that the HIRHAM simulations
capture the meteorological evolution of the sea level pressure
properly.

Pronounced precipitation driven changes in the surface
mass balance on decadal time scales between the two
time slices S1 and S2 appear which show only crude
similarities at the Western and eastern Antarctic coasts
comparing ERA-40 and the RCM simulations. The spatial
differences between the two time slices are much higher
in the ERA-40 reanalysis data compared to the HIRHAM
simulations. In the RCM simulations, West Antarctica and
East Antarctic coasts are influenced most strongly, whereas
in the ERA-40 data also the Western inner part of Antarctica
is impacted. The whole Western Antarctica and parts at
Eastern Antarctica gain mass in the second period with more
than 100 mm/year according to the HIRHAM simulations.
The MSLP differences between both time periods around
the Antarctic coasts of HIRHAM and ERA-40 match and
indicates a pressure reduction in more recent time due
to the shift towards a positive AAO phase. These pressure
changes could be accompanied with changes of the tran-
sient surface pressure activity as suggested by Simmonds
et al. [31], who discussed enhanced synoptic activity in
the NCEP data for the time period 1979–2000 around
Antarctica.

Figure 6 presents the net surface accumulation trends
over the two 20-year-long time slices S1 and S2 and the
whole period 1958–1998. The trends differ for both time
slices. During S1 the trends are negative over most parts of
Antarctica. But, since the ERA-40 data during this period are
not constrained by satellites, the trends may be erroneous.
During S2 there is an obvious shift to positive accumulation
trends over inner Antarctica and the coast of Amundsen Sea.
The trend over the whole period 1958–1998 is positive at the
East Antarctic coasts as a result of a jump in the accumulation
rates in the year 1979. The statistical significance of the
accumulation trends is shown by indicating the values above
the 95% confidence level. The significance of the trend
was evaluated by the maximum likelihood estimator or
equivalently by the generalized least squares estimator by
Weatherhead et al. [32]. We assumed the commonly used
decision rule that a significant trend is indicated, at the 95%
confidence level, when |A/B| > 2, where A is a generalized
least square estimator and B is the standard error of A,
based on Weatherhead et al. [32]. Trends in most regions of
Antarctica are statistically significant with very pronounced
changes between the two time slices, especially over the
Antarctic Peninsula. A statistically significant accumulation
trend over the Antarctic Peninsula is visible only in the whole
40 year period (Figure 6(c)). Stronger accumulation due to
enhanced precipitation appears also over Western Antarctica
and South-East Antarctica which could be connected with
the increased cyclonic activity on time scales between 2–6
days computed and described on the basis of ERA-40 data
in Figures 11 and 12. Figure 7 shows the accumulation trends
for the shorter time slice 1992–2001, in qualitative agreement
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Figure 6: Annual accumulation trends (mm/year2) for S1: 1959–
1978 (a), S2: 1979–1998 (b), and 1958–1998 (c) based on HIRHAM
simulations. The areas of significant positive and negative changes
above the 95% confidence level are indicated shaded. White spaces
indicate regions with a confidence level below 95%.
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Figure 7: (a) Annual accumulation trends (mm/year2) for 1992–
2001. HIRHAM simulations. The areas of significant positive or
negative changes with 95% confidence are indicated. White regions
describe areas below the 95% significance level. (b) MSLP standard
deviation (hPa) from 1992–2001, HIRHAM.

with the satellite-based estimates by Davis et al. [33] for the
one-year-long period 1992–2002. Also shown is the MSLP
standard deviation (stdev) as a measure for the strength of
atmospheric transient processes partly driven by synoptic-
scale processes. The highest stdev presented in Figure 7 on
the bottom occur over in the Pacific Ocean over the Belling-
hausen and Amundsen Sea. Obviously, the accumulation
pattern show a high variability on interannual time scales,
which are connected with changes in the transient pressure
systems at least over the Antarctic Peninsula.

The annual mean sea level pressure trend from 1958 until
1998 based on ERA-40 and HIRHAM simulations presented
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Figure 8: (a) Annual mean sea level pressure trends (hPa/decade)
from 1958–1998, ERA-40. The areas of significant positive or
negative changes with 95% confidence are indicated. White regions
describe areas below the 95% significance level. (b) MSLP standard
deviation (hPa) from 1958–1998, ERA-40.

in Figures 8 and 9 indicates around the coasts a shift to
more transient pressure systems and over inner Antarctica
a strengthening of the high pressure anticyclone which is
differently strong in ERA-40 and the RCM simulations.
Displayed are also the stdev of the MSLP for ERA-40
and HIRHAM which both show a pronounced maximum
over the Pacific Ocean. Lubin et al. [34] demonstrated
that mesoscale cyclones have a significant dynamic effect
on climate change over the Western Antarctic Peninsula
and are associated with positive near-surface-air tempera-
ture anomalies. In the HIRHAM simulations presented in
Figure 9 the pressure changes are connected with a warming
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Figure 9: (a) Annual mean sea level pressure trends (hPa/decade)
from 1958–1998, HIRHAM. The areas of significant positive or
negative changes with 95% confidence are indicated. White regions
describe areas below the 95% significance level. (b) MSLP standard
deviation (hPa) from 1958–1998, HIRHAM.

of the Antarctic Peninsula and a small cooling over East
Antarctica. This connection is detectable in correlation maps
of the 2 m temperature, MSLP and the net surface mass
accumulation, for 1958–1998 based on the HIRHAM sim-
ulations, not shown. High pressure over the central Antarctic
correlates with low temperatures there. Low pressure over the
Antarctic Peninsula and East Antarctic coasts is connected
with higher 2 m temperatures.

The location of the areas with positive accumulation
trend is in agreement with a decreased sea level pressure,
due to the strong connection between the transient pres-
sure systems around Antarctica and accumulation changes.
Enhanced synoptic activity in NCEP/NCAR reanalysis data
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Figure 10: Time series of the yearly mean AAO index, 1958–2001
based on ERA-40 (blue) and NCEP data (black) at 850 hPa. The thin
blue and black lines display the annual values and the thick blue and
black lines the 5 year running mean. The positive AAO phases are
indicated by red and the negative AAO phase by blue columns.

for the time period 1979–2000 was found by Simmonds et al.
[31], who explored, that in the annual mean, cyclone inten-
sity, radius and depth all show significant upward trends. The
influence of transient pressure systems decreases inland and
over the highest and coldest continental Antarctic regions
the primary mode of precipitation is due to cooling of moist
air just above the surface-based temperature inversion. This
extremely cold air has little capacity to hold moisture, and
thus the interior of the East Antarctic ice sheet is a polar
desert, as illustrated by Figures 3 and 4.

3.2. AAO Pattern and Storm Tracks. As attested by Gong
and Wang [6] the AAO pattern exists over the whole year
with strongest changes during summer. Figure 10 shows the
time series of the yearly mean AAO Index for 1958–2001
computed from the NCEP/NCAR reanalysis and the ERA-
40 from the 850 hPa geopotential height fields. The thin blue
and black lines display the annual values and the thick blue
and black lines the 5 year running mean. Although there
are obvious differences between both reanalysis data sets, the
selected positive and negative AAO phases are in agreement.
Genthon et al. [35] made a similar comparison using sea level
pressure data and got even a better correlation.

One time slice for a negative AAO phase between 1963
and 1968 (AAO−) and two positive AAO phases between
1982–1987 (AAO+1) and 1993–1998 (AAO+2) have been
selected. The origin of the apparent shift to a positive phase
is under discussion and explained by increased greenhouse
gas forcing [36], stratospheric ozone decrease [37] and
changes in the tropical sea surface temperatures in the Pacific
Ocean [8]. Recent studies have suggested that the largest
contributing factor to the shift in the AAO has been the
stratospheric ozone hole, followed by increasing greenhouse
gases and then natural forcing.
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Figure 11: Baroclinic heat fluxes ((a, c, e), ms−1 K) and humidity fluxes ((b, d, f), 10−3 ms−1 kg/kg) on time scales 2–6 days at 850 hPa for
the three AAO time slices AAO− (a) and (b), and AAO+1 (c) and (d), AAO+2 (e) and (f) based on ERA-40 data.
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Figure 12: Differences of baroclinic heat fluxes ((a) and (b), ms−1 K) and humidity fluxes ((c) and (d), 10−3 ms−1 kg/kg) on time scales
2–6 days at 850 hPa between positive and negative AAO time slices based on ERA-40 data. Differences (AAO+1− AAO−) left. Differences
(AAO+2− AAO−) right.

A widely used method for the determination of the
most dominant, linearly uncorrelated spatial and temporal
structures of the atmospheric circulation is the empirical
orthogonal function (EOF) analysis, described, for example,
in Handorf and Dethloff [38]. The computed AAO pattern
for the three time slices indicate the pronounced changes of
the global pattern in the SH, not shown.

These changes in the global AAO pattern are connected
with changes in the baroclinic heat and humidity fluxes on
time scales 2–6 days at 850 hPa as discussed by Sokolova
et al. [39]. The low-frequency eddies with characteristic
time scales >10 days and the high-frequency eddies with
time scales <10 days are separated by applying a time filter
and their interaction with the time-averaged latitude and
longitude-dependent mean atmospheric circulation state
can be described and analysed. Analyses of the 500 hPa
geopotential heights by Wallace and Blackmon [40] showed
that a low-pass filter acts similar to a space filter, since the
ultralong waves with wave numbers >4 explain the biggest

part of the observed low-frequency variance, whereas the
high-frequency eddies with periods between 2 and 6 days
are mainly connected with the shorter baroclinic waves. The
synoptic-scale heat and humidity fluxes on these time scales
for the three AAO time slices computed on the ERA-40 data
are presented in Figure 11. The poleward directed heat and
humidity fluxes are described by negative values and show
maxima over the Pacific and Atlantic Oceans. Tietäväinen
and Vihma [41] analysed the atmospheric moisture budget
over Antarctica and the Southern Ocean for the period 1979–
2001 on the basis of the ERA-40 reanalysis. They showed
that the meridional transport by transient eddies makes
the largest contribution to the southward water vapour
transport.

The difference plots for the heat and humidity fluxes
between the positive and negative AAO periods show
strongest changes over the Oceans surrounding Antarctica,
displayed in Figure 12. During both positive AAO phases
increased heat and humidity transports due to synoptical
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Figure 13: Net surface mass balance (mm/year) “AAO+1 minus
AAO−” years (a) and the “AAO+2 minus AAO−” years (b), based
on HIRHAM simulations in colours. The corresponding differences
in annually averaged mean sea level pressure (hPa) are shown as
isolines. The areas of significant positive and negative changes above
the 95% confidence level are indicated by colour. White spaces
indicate regions with a confidence level below 95%.

cyclones at 850 hPa toward the Antarctic continent appear
over the Pacific Ocean. Over the Atlantic Ocean a reduction
occurs. The changes between the AAO phases in the regions
indicated by white contours are statistical significant above
the 95% level.

Figure 13 shows the net mass accumulation and mean sea
level pressure differences between the positive and negative
AAO phases “AAO+1 minus AAO−” and the “AAO+2 minus
AAO−”. In comparing the changes for different AAO time
slices a linear approach have been assumed. But as shown

by Brand et al. [42], for example, tropo-stratospheric feed-
backs owing to an interactive stratospheric ozone chemistry
influence the tropospheric AAO phases in a highly nonlinear
way.

The circulation changes between these two positive AAO
phases compared to the negative phase indicate a reduction
of the sea level pressure over the coastal regions of Antarctica.
A pronounced pressure decrease of −5 hPa occurs in the
Amundsen Sea and another pressure decrease of about
−4 hPa is visible at the coasts of Wilkes Land. Due to
the reduced meridional air mass exchange in positive AAO
phases a sea level pressure descent occurs accompanied by
pronounced cooling and drying over continental Antarctica.
The second, positive AAO phase imprints with a much
stronger pressure decrease as a result of increased transient
processes around the Antarctic coasts compared to the
first positive AAO phase. The contribution due to synoptic
pressure cyclones on time scales between 2–6 days in the
RCM simulations has to be clarified in further investigations.
In both positive AAO phases enhanced statistically significant
accumulation occurs over the Antarctic Peninsula. The accu-
mulation is stronger during the first AAO period from 1982–
1987. During the positive AAO phases a strong cooling over
most of East Antarctica and a warming over the Antarctic
Peninsula is induced (not shown), which is in agreement
with the results of Van de Berg et al. [10]. The strong pressure
decrease during the second positive AAO phase influences
the cyclone tracks around Antarctica and the accumulation
pattern shown in Figure 13. During the positive AAO phases
the Antarctic Peninsula becomes wetter, while parts of East
Antarctica becomes drier. The accumulation response differs
regionally between the two positive AAO phases and the
strength of polar desertification weakened in the last AAO
phase. Figure 6 showed a negative accumulation trend over
the Lambert Glacier which persists over the simulated 4
decades and is connected with a statistically significant
negative surface mass balance during both AAO phases in the
same area, presented in Figure 13.

4. Conclusions

Our results indicated that there is a substantial amount
of spatial and temporal variability in the Antarctic surface
mass balance. The HIRHAM simulations overestimate the
mass accumulation at the West and East-Antarctic coasts and
underestimate it over the inner Antarctic in agreement with
Van de Berg et al. [10]. The annual variability and trends over
Antarctica are the small residual of larger seasonal variability
and trends that appear to be related to recent climate
change, particularly seasonally varying trends in the AAO.
Though considerable changes happen regionally, averaged
over Antarctica, the trend in Antarctic precipitation, appears
to be small and is in the order of 0.79 cm/decade.

The annual mean sea level pressure trend from 1958
until 1998 based on ERA-40 and HIRHAM simulations
indicates around the coasts a shift to more transient low
pressure systems. In terms of surface temperature changes
these pressure changes are connected with a warming of
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the Antarctic Peninsula and a small cooling around the
coast of East Antarctica. The location of the areas with
positive precipitation trend is in agreement with a decreased
sea level pressure, due to the strong connection between
the transient pressure activity around Antarctica and accu-
mulation changes which are in most regions of Antarctica
statistically significant. The strongest positive accumulation
changes occur over the Antarctic Peninsula and the coastal
parts of Western and Eastern Antarctica. Both AAO phases
show enhanced statistically significant accumulation over the
Antarctic Peninsula being stronger for the first AAO period
and reduced accumulation over the Lambert Glacier in East
Antarctica.

Due to the reduced meridional air mass exchange in
positive AAO phases a sea level pressure descent occurs
accompanied by pronounced cooling and drying over con-
tinental Antarctica. The more recent positive AAO phase
imprints with a much stronger pressure decrease as a result of
increased transient pressure processes around the Antarctic
coasts compared to the first positive AAO phase. The ERA-40
data show a pronounced increase in the heat and humidity
fluxes in 850 hPa over the Pacific Ocean due to baroclinic
pressure systems on time scales between 2–6 days during
positive AAO phases.

The current study focused on evaluation of atmospheric
circulation, precipitation and accumulation processes and
the mass balance of the ice sheet based on the HIRHAM4
physical parameterizations. Further improvements of atmo-
spheric process parameterizations are required especially in
sub-grid-scale cloud properties and radiative effects. This
will be done by implementing the further developed param-
eterization schemes of the ECHAM5 general atmospheric
circulation model into the HIRHAM RCM.
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