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ABSTRACT

A regional atmospheric model was used to study the relationship between atmospheric boundary-layer
dynamics and moisture transport toward the Antarctic grounded ice sheet. The model was integrated
for a 14-yr period (1980–1993) using a grid spacing of 55 km. Re-analyses from the European centre
for medium-range weather forecasts were used to force the model from the lateral boundaries. Sea
surface temperature and sea ice extent were prescribed from daily observations. It was found that the
boundary layer responds passively to the large-scale circulation rather than being the driving force for
the meridional circulation and moisture advection toward the ice sheet. Moisture transport by the mean
circulation is directed from the ice sheet toward the Southern Ocean and transient eddies are responsible
for the moisture transport toward the ice sheet. Frequent interruption of the katabatic winds by passing
low-pressure systems characterise years with a large poleward moisture transport. Therefore there is
a negative correlation between the annual mean poleward moisture transport and both the directional
constancy and the southerly wind component in the boundary layer near the ice edge. A case study for
July 1980 shows that the wind and the specific humidity in the middle and higher troposphere determine
the poleward atmospheric moisture transport in Wilkes Land and that the moisture advection in the
boundary layer is insignificant in this region.

1. Introduction

Poleward atmospheric moisture transport roughly
balances the primary components of the surface mass
balance of the Antarctic ice sheet, namely precipitation
and sublimation. Surface mass balance processes are
widely studied because of their importance for global
sea level change, but also because of their effect on
signals archived in ice cores (e.g. Krinner et al., 1997;
Steig et al., 1994). These ice core signals are an impor-
tant source of information on past variations in mete-
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orological variables such as temperature and chemical
tracers (e.g. Dansgaard, 1964; Johnsen et al., 1972;
Peel et al., 1996). Therefore, improving our under-
standing of the processes determining the surface mass
balance is relevant. In this paper, we focus on the re-
lation between poleward atmospheric moisture trans-
port and meteorological conditions in the atmospheric
boundary layer.

The main characteristics of the Antarctic boundary
layer are the strong temperature inversion and the as-
sociated katabatic winds. Due to continuous radiative
cooling, the potential temperature of the air near the
surface is lower than the potential temperature of the
overlying layer, and the near-surface air becomes neg-
atively buoyant. In sloping regions, a horizontal pres-
sure gradient forces the negatively buoyant air down
the slope, deflected by the Coriolis force. The Antarctic
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wind regime is therefore strongly influenced by the
orography of the ice sheet (Parish and Bromwich,
1991).

The radially diverging katabatic outflow is compen-
sated for by an influx of warmer air in the middle tro-
posphere, while subsidence takes place in the interior
of the ice sheet. The induced meridional circulation,
caused by katabatic winds, suggests an active mass
exchange between Antarctica and subpolar latitudes
(Parish et al., 1994). An analytical study on the cli-
matic average outflow at the rim of the continent as
a function of diabatic cooling in the interior and en-
trainment of warm air from above the katabatic layer
shows that an amount of air, significant even at global
scale, is exported from the Antarctic continent (Dalu
et al., 1993).

Numerous studies show an interesting interplay be-
tween the katabatic and the large-scale circulations.
Due to the interaction of circulation with decay-
ing weather systems, cyclonic vorticity is exported
in the upper tropospheric westerlies and consequently
a strong and persistent drainage flow is maintained
(James, 1989). Without the influence of weather sys-
tems, the cyclonic vorticity in upper layers would be
much larger and the accompanying large-scale pres-
sure gradient would strongly oppose the downslope
flow in the katabatic layer. Parish et al. (1993) and
Wendler et al. (1997) showed that the large-scale cir-
culation is important for the strengthening and weak-
ening of the katabatic circulation. The same conclu-
sion was reached by Murphy and Simmonds (1993)
and Turner et al. (2001), who analysed strong wind
events near Casey station. Katabatic winds, in turn, in-
fluence the large-scale tropospheric circulation (Parish
and Bromwich, 1991) and generate mesoscale atmo-
spheric circulation in coastal regions (Gallée, 1996;
Heinemann, 1997). Parish and Bromwich (1998) even
speculate that the katabatic wind pattern is the cause of
the climatologically favoured positions of the cyclones
around the continent. From these studies it is clear that
we cannot study the relation between the atmospheric
boundary layer and the atmospheric moisture transport
properly without considering large-scale circulation.

Radiosonde data have been used to study atmo-
spheric water-vapour transport, but stations are too
sparse to obtain a reliable moisture budget estimate
for a large area (East Antarctica) (Connolley and King,
1993). Analysis fields from major meteorological cen-
tres are constructed by assimilating all available irreg-
ularly distributed meteorological data into an integra-

tion with a General Circulation Model (GCM). These
fields provide important information on the mois-
ture transport in the Antarctic region (e.g. Bromwich
et al., 1995; Budd et al., 1995; Genthon and Krinner,
1998; Turner et al., 1999; Noone et al., 1999;
Marshall, 2000; Reijmer and van den Broeke, 2001).
Cullather et al. (1997a) and Bromwich et al. (1995)
showed that for the Antarctic region, analyses from
the European Centre for Medium-range Weather
Forecasts (ECMWF) are generally found superior over
analyses from the National Centers for Environmental
Prediction (NCEP) and from the Australian Bureau of
Meteorology (ABM). There has been discussion on
whether ECMWF operational analyses or re-analyses
(ERA-15) (Gibson et al., 1997) better represent year-
to-year variability in moisture transport. Genthon and
Krinner (1998) pointed out that variability of the oper-
ational analyses can be biased by changes in the mete-
orological model and assimilation techniques during
the period studied, whereas re-analyses produce more
homogeneous time series by using the same meteoro-
logical model and assimilation techniques during the
period of integration. On the other hand, Bromwich
et al. (2000) showed that an error in the ERA-15 assim-
ilation of data from the Antarctic station Vostok results
in a different flow pattern in ERA-15 compared to the
operational analyses, which affects the mean moisture
flux in the West Antarctic sector (75◦–90◦S, 120◦–
180◦W). In addition to this problem, ERA-15 shows
a pronounced decoupling of the lowest atmospheric
layer from the overlying atmosphere (Connolley and
Harangozo, 2001; Van Lipzig et al., 1999).

The horizontal grid spacing in an atmospheric
model plays a key role in studies on katabatic winds,
since it determines to which extent the orography is re-
solved. Connolley and Cattle (1994) showed that kata-
batic winds are realistically represented in a 2.5◦ ×
3.75◦ latitude–longitude grid (GCM), but that small-
scale confluence patterns in individual valleys are not
resolved. In addition, a coarse resolution can result in
an anomalous model slope, affecting the strength of
the katabatic winds (Tzeng et al., 1993). Indeed, Van
den Broeke et al. (1997) found that wind speeds are
underestimated in coastal regions due to smoothened
topography in a 1.1◦ × 1.1◦ GCM.

To obtain a higher horizontal resolution (55 km)2

at reasonable computational cost, we use a regional
atmospheric model (RACMO) to study the role of kata-
batic circulation on moisture transport. Another ad-
vantage of RACMO is that it has been modified and
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evaluated for Antarctic conditions (Van Lipzig, 1999;
Van Lipzig et al., 1998; 1999; Schlosser et al., 2002).
Because of the large influence of the synoptic-scale
circulation on the katabatic winds, it is important that
the model represents the synoptic-scale circulation ac-
curately. This is acieved by forcing RACMO from the
lateral boundaries by ERA-15. In the lateral boundary
zone of the RACMO domain, extending from 65◦S to
47◦S, both satellite and in-situ measurements were as-
similated into the re-analysis cycle, making the ERA-15
fields less dependent on the model formulation than in
the region of the Antarctic ice sheet, where the amount
of observations was much smaller. Recently, adjusted
versions of RACMO have been used to study meteo-
rological conditions in the Antarctic region (Van den
Broeke et al., 2002; Van den Broeke and van Lipzig,
2002; Van Lipzig et al., 2002), the Arctic region (e.g.
Dethloff et al., 2001, in this study the model is refered
to as HIRHAM) and Europe (e.g. Van Meijgaard et al.,
2001; Lenderink and van Meijgaard, 2001; Van den
Hurk et al., 2002).

Wind-blown snow is not taken into account in
RACMO. Giovinetto et al. (1992) estimated that wind
transport of snow across the ice edge is at least one or-
der of magnitude smaller than the atmospheric mois-
ture transport toward the ice sheet. However, pre-
liminary integrations for polar night conditions and
without taking into account large-scale circulation
suggest that blowing snow may be a significant com-
ponent for the Antarctic surface mass balance (Gallée
et al., 2001), indicating that further insight is needed
in snow-erosion processes in Antarctica.

In this paper, we investigate the relationship be-
tween poleward atmospheric moisture transport and
meteorological conditions in the atmospheric bound-
ary layer. Since katabatic winds strongly interact with
large-scale circulation, we also take into account me-
teorological conditions in the middle and higher tropo-
sphere. In Section 2 we give a description of RACMO.
In Section 3 we discuss the modelled meridional circu-
lation at the grounding line, defined as the contour line
where grounded ice turns into floating ice (ice shelves).
The relationship between resolved-scale poleward at-
mospheric moisture transport and the surface mass bal-
ance is described in Section 4. Temporal and spatial
variability of the atmospheric moisture transport are
discussed in Sections 5 and 6. In Section 7 we focus
on Wilkes Land (Fig. 1) to study the episodic nature of
atmospheric moisture transport and its relation with lo-
cal meteorological conditions. Conclusions are given
in Section 8.

Fig. 1. Regions mentioned in this paper.

2. Model description

Detailed descriptions of RACMO are given by
Christensen et al. (1996) and Christensen and van
Meijgaard (1992). The dynamical part of RACMO is
identical to the High-Resolution Limited Area Model
(Gustafsson, 1993). Time integration is done using a
leapfrog semi-implicit scheme using a time step of
4 min.

The parameterisations of the physical processes in
RACMO are taken from the ECHAM4 GCM (Roeckner
et al., 1996). The parameterisation of stratiform clouds
uses tendency equations for temperature, specific hu-
midity and specific liquid water (Sundqvist, 1978).
The model treats specific liquid water as a prognos-
tic variable, but the distinction into liquid water and
ice is diagnosed from temperature. The closure rela-
tions are: (i) humidity transport rate is used to moisten
a pre-existing cloud, and (ii) the instantaneous evapo-
ration/condensation in the cloud-free part of a grid box
is equal to the liquid water transport into this grid box.
The cloud cover is diagnosed from the model relative
humidity and a prescribed vertical profile of relative
humidity acting as a threshold for cloud formation.

The turbulent fluxes at the surface are calculated
from Monin–Obukhov similarity theory. Transfer co-
efficients derived by Louis (1979) are used. A higher-
order closure, using a prognostic equation for turbulent
kinetic energy, is used to compute turbulent transfer
within and above the planetary boundary layer.

The parameterisation of the boundary layer and sur-
face fluxes affect the strength of the katabatic circu-
lation (King et al., 2001), implying that surface heat
exchange processes have to be correctly represented
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in a model in order to generate a realistic katabatic cir-
culation. Van Lipzig et al. (1999) showed that surface
heat exchange processes are adequately represented
in RACMO. To achieve this, adjustments were made
to the original ECHAM4 model formulation, e.g. tak-
ing out the dependency of the surface albedo on the
surface temperature, altering the values for the heat
capacity and diffusivity of snow, using an improved
and more detailed ice sheet orography (British Antarc-
tic Survey et al., 1993) and adding an extra layer in
the atmosphere close to the surface to obtain higher
resolution in the generally shallow boundary layer of
the Antarctic atmosphere. In this configuration, we
adopted 20 layers in the vertical with the lowest layers
centred at about 7, 35, 130, 330 and 660 m.

The rectangular horizontal grid covers an area of
4.6 × 107 km2, including the Antarctic continent and
part of the Southern Ocean, with a horizontal reso-
lution of about (55 km)2. ERA-15 fields were used to
initialise the prognostic variables. In the lateral bound-
ary zone of the model domain, extending from about
48◦S to 62◦S, prognostic variables were relaxed toward
ERA-15 fields using a technique proposed by Davies
(1976). An integration was performed for the 14-year
period 1980–1993, for which ERA-15 data were avail-
able. Lateral boundaries were updated every 6 h, and
the sea surface temperature and sea ice mask were
prescribed from daily observations, available from the
ERA-15 archive. Note that the sea-ice temperature is a
prognostic variable.

The model has been evaluated using in-situ mea-
surements from Antarctica. The spatial pattern of the

Fig. 2. Fourteen-year mean poleward mass flux (a) and moisture flux (b) across the grounding line of the Antarctic ice sheet
as a function of the atmospheric pressure. Positive values indicate poleward transport. Both the moisture transport by the
mean flow (solid line) and the total moisture transport (dotted line), which is the sum of the transport by the mean flow and
the transport by the transient eddies, are shown.

surface mass balance (B) corresponds closely to com-
pilations of measurements (Van Lipzig et al., 2002),
although sublimation is overestimated in mountain-
ous regions. Generally, the RACMO-value for B in the
interior of the continent is larger than the values in
the operational analyses (Cullather et al., 1997b) and
in ERA-15 (Genthon and Krinner, 1998; Turner et al.,
1999). Turner et al. (1999) showed that ERA-15 slightly
underestimates B in the interior. RACMO is in closer
agreement with the measurements in this region. In
addition, problems related to overestimation of evap-
oration/sublimation from the ice shelves, overestima-
tion of the inverstion strength and the westerly dis-
placement of the accumulation on the western side of
the Antarctic Peninsula as a result of smoothing of
the model orography are found to be much smaller
in RACMO than in ERA-15 or even absent in RACMO.
Comparison between RACMO output and data from
Antarctic stations show that the pressure variability
is correctly represented in RACMO, although the low-
pressure systems are less deep in the model than the
measurements indicate.

3. Meridional circulation

The classical view of the Antarctic katabatic circu-
lation is a radially diverging boundary-layer outflow
compensated for by an influx of warmer air in the mid-
dle troposphere. Figure 2a shows the RACMO 14-yr
mean mass flux over the grounding line, defined as
the contour line where grounded ice turns into floating
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ice (ice shelves). It is clear that, on average, mass is
exported away from the Antarctic continent in a shal-
low layer below 800 hPa. Inflow occurs at higher at-
mospheric levels. This static picture is in agreement
with the classical concept that off-continent flow of
cold dense air regulates, by mass continuity, the pole-
ward flow of relatively warm moist air in the higher
troposphere.

The total poleward moisture flux accross the
grounding line can be expressed as

Tq = −
∮

qu
g

· n dl = Tq,mean + Tq,eddy

= −
∮

q u
g

· n dl −
∮

q ′u′

g
· n dl (1)

where q is the specific humidity, u is the horizon-
tal wind vector, g is the acceleration due to grav-
ity and n the unit vector directed outward, normal to
grounding line. The first term on the right-hand side
of eq. (1) (Tq,mean) represents the contribution made by
the mean flow, and the second term (Tq,eddy) represents
the contribution made by the eddy flux of water vapour
(Schwerdtfeger, 1984). The bars indicate time averag-
ing and the prime stands for departure from the tem-
poral mean value.

We calculated the terms in eq. (1) by inserting mod-
elled values of q and u, available every 6 h. Tq,mean is
calculated on basis of 14-yr mean values for q and u.
It is dominated by the katabatic winds in the boundary
layer and directed toward the north, removing 51 mm
water equivalents yr−1 (mm w.e. yr−1) of moisture
from the grounded ice (Fig. 2b). Tq,eddy is calculated
on basis of the departure of q and u from the 14-yr
mean. The eddy transport (180 mm w.e. yr−1), which
is not shown separately, is directed toward the pole at
all levels and more than compensates for the removal
by the mean flow. The largest part (83%) is transported
by eddies on time scales shorter than one month. The
remaining part (17%) is transported by fluctuations
on time scales longer than one month. When using
monthly mean values instead of 14-yr mean values to
calculate Tq,mean, the shape of the curve in Fig. 2b is un-
affected, but the curve is shifted toward the right. The
mean circulation, including fluctiations on time scales
longer than one month, removes 21 mm w.e. yr−1 of
moisture from the grounded ice. Note that Genthon
and Krinner (1998) found that in ERA-15, the mean
circulation transports about 10% of the total transport
poleward across the 70◦S latitude band.

The total poleward resolved-scale atmospheric
moisture transport is 129 mm w.e. yr−1. Below
875 hPa, total moisture transport is directed toward
the Southern Ocean and above this level transport is di-
rected toward Antarctica, with a maximum at 800 hPa.
On average, about 20% of the inflow in the middle and
higher troposphere is transported away from the con-
tinent in the lower atmosphere. In summary, the mod-
elled mean meridional circulation at the grounding
line clearly shows the characteristics of a katabatic-
maintained circulation. However, it is not the mean
flow, but the transient eddies that determine the mois-
ture transport toward the grounded ice sheet.

4. Poleward atmospheric moisture transport
and the surface mass balance

Since snowdrift and melt are neglected in the model,
the surface mass balance is identical to the precip-
itation minus the sublimation. The budget equation
expressing the mean surface mass balance over the
grounded ice 〈B〉 as a function of transport and stor-
age terms is given by Peixoto and Oort (1983):

〈B〉 = 〈P − E〉 = −〈∇ · Q〉 − 1

ρL

〈
∂W

∂t

〉
, (2)

where the brackets indicate averaging in space, P is the
precipitation, E is the sublimation, ρL is the density of
water, W is the amount of water vapour contained in
a unit area atmospheric column of air (kg m−2) and
Q is the vertically integrated horizontal moisture-flux
vector, defined as

Q = 1

ρL

∫ ps

0

qu
g

dp, (3)

where p is the pressure. We use this definition in order
to express −〈∇ · Q〉 in the same units as 〈B〉, namely
water equivalents. For annual averages the second term
on the right-hand side of eq. (2) is negligible (Peixoto
and Oort, 1983). The atmospheric moisture transport
across the grounding line of the Antarctic ice sheet can
therefore be estimated from vertical profiles of q and
u with the use of the Gauss theorem:

−〈∇ · Q〉 = − 1

A

∮
Q · n dl = 1

AρL

∫ ps

0
Tq dp, (4)

where A is the surface area of the grounded ice and n
the unit vector directed outward, normal to grounding
line.
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Fig. 3. Twelve-month centred running mean resolved-scale
poleward atmospheric moisture transport across the ground-
ing line (solid line) and surface mass balance of the grounded
Antarctic ice sheet (dotted line).

Model output for q and u, available every 6 h,
is used to calculated the resolved-scale atmospheric
moisture transport, which we will from now refer to
as −〈∇ · Q〉. Figure 3 shows the twelve-month cen-
tred running mean of 〈B〉 and −〈∇ · Q〉. On average,
resolved-scale flow is responsible for 81% of the mois-
ture transport to the Antarctic grounded ice sheet. The
difference between −〈∇ · Q〉 and 〈B〉 is caused by
(i) the horizontal diffusion of moisture in the model
(this is not included in −〈∇ · Q〉) and (ii) moisture
transport by eddies on time-scales that are not taken
into account in calculating −〈∇ · Q〉, because q and u
are archived at a temporal resolution of 6 h. Note that
in a coarser grid GCM the difference between −〈∇ · Q〉
and 〈B〉 can be much larger; Connolley and King
(1996) found that only 30% of the net accumulation
in the Antarctic sector between 2.4◦W and 110.5◦E is
carried by resolved-scale transport in the UKMO GCM

at a grid spacing of 270 km.
Despite the difference between −〈∇ · Q〉 and 〈B〉,

the temporal variability is similar. The standard de-
viation of annual mean values is 6–7% of the 14-yr
mean value. The correlation between monthly mean
values of −〈∇ · Q〉 and 〈B〉 (with the annual cycle re-
moved) is very large (0.98). Apparently, there is only
small temporal variability in the effect of horizontal
diffusion and eddies with short time-scales.

Genthon and Krinner (1998) studied the moisture
transport in the area south of 70◦S using ERA-15.
The RACMO value for B south of 70◦S is 20% larger
than their value, which might be related to excessive
sublimation/evaporation over the ice shelves which
are treated as sea-ice in ERA-15. The year-to-year

variability that we found is similar to the results of
Genthon and Krinner (1998). The RACMO 14-yr mean
surface mass balance over the grounded ice is 156 mm
w.e. yr−1. This estimate is at the upper end of the most
recent estimates for net accumulation [(1528–1924) ×
1012 kg yr−1 (Church et al., 2001), which corresponds
to 124–156 mm w.e. yr−1].

Most studies on the temporal variability of mois-
ture transport using ECMWF (re-)analyses do not fo-
cus on the Antarctic grounded ice sheet but on the
Antarctic ice sheet including the ice shelves, the West
Antarctic sector or the area south of 70◦S. Therefore
we summarise the result of a study by Van Lipzig et al.
(2002), who compared RACMO and ERA-15 time series
of −〈∇ · Q〉 and 〈B〉 averaged over the grounded ice
sheet. For both RACMO and ERA-15, the standard de-
viation of annual mean values is 6–7% of the 14-yr
mean value, which is about half of the value found by
Cullather et al. (1996) for operational analyses. The
larger value for the operational analyses might be
caused by the evolution of the meteorological model
and assimilation techniques. The correlation between
RACMO and ERA-15 montly mean values of −〈∇ · Q〉
with the annual cycle removed is 0.75, which is signif-
icant at the 99% confidence level (autocorrelation ef-
fects are taken into account), indicating that the ERA-15
forcing fields determine some part of the variability
of the moisture convergence in RACMO. We conclude
that both −〈∇ · Q〉 and 〈B〉 can be used to study the
relationship between poleward atmospheric moisture
transport and processes in the atmospheric boundary
layer.

5. Temporal variability

We investigate what determines year-to-year varia-
tions in the surface mass balance and resolved-scale
poleward atmospheric moisture transport. Were the
katabatic outflow the driving force for poleward mois-
ture advection, the outflow of moisture in the bound-
ary layer would be positively correlated with 〈B〉, and
consequently Tq in the boundary layer would be nega-
tively correlated with 〈B〉. This is not the case. On the
contrary, the correlation coefficient between Tq in the
boundary-layer and 〈B〉 is positive (Fig. 4). The cor-
relation coefficient is highest at 800 hPa, where Tq is
large. Negative correlation coefficients are found in
the stratosphere, but since the stratosphere is very dry,
this is unimportant for surface mass balance variations.
We speculate that this negative correlation stems from
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Fig. 4. Fourteen-year mean total poleward moisture flux across the grounding line of the Antarctic ice sheet (a) and correlation
between annual mean values of the poleward moisture flux across the grounding line and 〈B〉 (b) as a function of the atmospheric
pressure.

an intense zonal stratospheric circulation during wet
years.

Annual values of 〈B〉 positively correlate with pole-
ward mass flow from the near-surface atmospheric
level to the 750 hPa level and anti-correlate with mass
flow above 750 hPa (not shown). The correlation is
significant at the 99% confidence level below 850
hPa. This indicates that during a year with large near-
surface mass outflow and large mass convergence at
higher atmospheric levels the total moisture transport
toward the continent is small, supporting the idea that
the moisture flux is not driven by the katabatic flow.

There is a positive correlation, significant at the 99%
confidence level (r = 0.78), between annual mean val-
ues of 〈B〉 and the vertically integrated Tq,mean; during
wet years, the outflow by the mean circulation is small.
The correlation between 〈B〉 and Tq,eddy is positive and
significant at the 99% confidence level at pressure lev-
els around 800 hPa, where Tq is largest. However, the
positive correlation between 〈B〉 and the vertically in-
tegrated Tq,eddy (r = 0.44) is not significant at the 95%
confidence level.

Table 1 shows the correlation between the annual
mean surface mass balance and annual mean values
of some relevant meteorological variables. One would
expect that wet years are also warm years, since the
mean moisture content in a warm atmosphere is gen-
erally larger than in a cold atmosphere. However, flow
dynamics complicates the picture, resulting in an in-
significant correlation between 〈B〉 and temperature
and humidity averaged over the grounded ice sheet
(surface temperature, 7-m temperature, 7-m specific
humidity and vertically integrated specific humidity).
Also, the annual variations in source and sink terms for

Table 1. Correlation coefficient (r) between the an-
nual mean surface mass balance 〈B〉, averaged over
the grounded ice, and either: annual mean surface
temperature, 7-m temperature, 7-m specific humidity,
vertically integrated specific humidity, (all averaged
over the grounded ice), advection from outside the
model domain, evaporation from the sea surface, pre-
cipitation on sea and meridional component of the 7-m
wind speed at the grounding line

Surface temperature −0.11
7-m Temperature −0.10
7-m Specific humidity −0.01
Vertically integrated specific humidity −0.10
Advection from outside the model domain 0.25
Evaporation from the sea surface 0.27
Precipitation on sea 0.02
7-m Meridional wind speed at the grounding line −0.90a

aCorrelation is significant at the 1% level.

moisture available for transport toward the ice sheet,
namely advection from outside the model domain,
evaporation from the sea surface and precipitation on
sea, are not significantly correlated with annual varia-
tions in 〈B〉. Table 1 shows that the year-to-year varia-
tions in 〈B〉 are driven by the dynamics of the flow
inside the model domain, as indicated by the anti-
correlation (significant at the 99% confidence level)
between 〈B〉 and the meridional component of the 7-m
wind speed at the grounding line (defined northward
as positive). The wind speed at the grounding line is
calculated as the average of 489 grounded grid points
which have a nearest-neighbour outside of the ground-
ing line. On average, the meridional component of the
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7-m wind speed at the grounding line is directed from
land toward sea due to the katabatic forcing. We pro-
pose that during years that are more synoptically ac-
tive, the katabatic wind is more frequently interrupted
by events during which moist air is transported from
sea to land at low atmospheric levels. This results in a
relatively low annual mean meridional wind speed.

To further investigate the relationship between the
dynamics of the flow in the boundary layer and an-
nual variations in 〈B〉, we present 14-yr mean vertical
profiles of the zonal wind component (u), meridional
wind component (v), wind speed (

√
u2 + v2) and di-

rectional constancy (dc) at the grounding line together
with the correlation between annual mean values of
〈B〉 and annual mean values of u, v ,

√
u2 + v2 and dc

(Fig. 5). The directional constancy (dc) is defined as

dc =
√

u2 + v2

√
u2 + v2

. (5)

Significant negative correlations at the 95% confi-
dence level between 〈B〉 and v at the grounding line
are found at the lowest five model levels up to a height
of about 1 km. In addition, u is significantly posi-
tively correlated at the 99% confidence level with 〈B〉.
Below about 3 km height, easterly winds prevail at
the grounding line (u is negative). During wet years,
the low-level zonal winds are weaker than during dry
years, which is consistent with lower values for the

Fig. 5. Height dependency of the 14-yr mean zonal component of the wind (u; solid line), meridional component of the wind
(v; dotted line), directional constancy (dc; dashed line), and wind speed (

√
u2 + v2; dotted-dashed line) averaged over the

grounding line (a) and height dependency of the correlation coefficient between the annual mean 〈B〉 and the annual mean
u, v, dc and

√
u2 + v2 averaged over the grounding line (b).

katabatic outflow during wet years. Higher in the tro-
poshere (roughly above 3 km), zonal westerly winds
prevail at the grounding line. During wet years, these
winds are stronger than during dry years. At all tro-
pospheric levels, the zonal westerly component of the
winds at the grounding line is larger during wet years.
These conditions occur when the polar vortex is strong
(Van den Broeke and van Lipzig, 2002).

Correlation between 〈B〉 and wind speed reflects the
direction of the wind with respect to upper-air west-
erlies; the correlation is significant above 2 km height
(about 750 hPa), where the wind is predominantly
zonal. The directional constancy in the boundary layer
is low during years when the katabatic winds are fre-
quently interrupted by passing synoptic systems. Dur-
ing years with a low value for the dc in the boundary
layer, the moisture advection toward the ice sheet is
large (hence a significant anti-correlation in Fig. 5).
At higher atmospheric levels, it appears that 〈B〉 and
dc are positively correlated, reflecting persistent zonal
westerly winds during wet years.

Since the dynamics of the flow within the model
domain influences both the year-to-year variability of
the near-surface winds and the year-to-year variability
of 〈B〉, we study the flow at 700 hPa. Figure 6 shows
the mean geopotential at 700 hPa for the wettest and
the driest years. The circumpolar trough is deep dur-
ing the wet years. The circumpolar trough reflects the
presence of individual low-pressure systems, which
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Fig. 6. Geopotential height of the 700 hPa level (contour lines; dam) and precipitation (shading; mm w.e. yr−1) for the years
with the lowest surface mass balance (a) and the years with the highest surface mass balance (b). The years with the lowest
surface mass balance are 1980, 1983, 1986, 1987, 1988, 1990 and 1991. The years with the highest surface mass balance are
1981, 1982, 1984, 1985, 1989, 1992 and 1993.

are either more frequent or deeper during wet years. In
the area north of the circumpolar trough, zonal winds
are stronger during wet years.

The difference in the geopotential height at 700 hPa
between the dry and the wet years is shown in Fig. 7.
The meridional gradient in geopotential height is
larger during wet than during dry years, indicating
anomalously strong westerly geostrophic flow during
wet years. However, the pattern is not zonally symmet-
ric. Northerly flow is enhanced during wet years in the

Bellingshausen Sea and Weddell Sea coastal regions
and in the western part of Wilkes Land, resulting in
high precipitation in these regions. There are also re-
gions where there is enhanced southerly flow and less
precipitation (east of the Ross Ice Shelf and west of the
Amery Ice Shelf). Changes in the precipitation pattern
are clearly related to changes in the large-scale dynam-
ics. The difference in surface pressure and in geopo-
tential at 500 hPa are qualitatively similar to Fig. 7 and
therefore not shown.
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Fig. 7. Difference in geopotential height of the 700 hPa level (contour lines; dam) and precipitation (shading; mm w.e. yr−1)
between the years with the highest surface mass balance and the years with the lowest surface mass balance.

6. Spatial variability

The pattern of inflow and outflow of moisture is
not axi-symmetric around the continent (Fig. 8). There
are three regions where large inflow occurs between
the 600 and 900 hPa pressure levels, namely Marie

Fig. 8. Poleward atmospheric moisture flux in a longitude
band of 10◦ (in kg Pa−1 s−1) as a function of longitude and
pressure. Positive values indicate poleward transport, dark
shades indicate large poleward transport and light shades in-
dicate northward transport.

Byrd Land (around 124◦W), the western border of the
Antarctic Peninsula (around 72◦W) and the western
part of Wilkes Land (around 124◦E). At the eastern
border of the Antarctic Peninsula there is outflow at
all levels, since the Antarctic Peninsula is located per-
pendicular to the circumpolar westerly circulation, and
generally the wind is directed from land toward sea.
The largest outflow in the lower atmosphere occurs at
the Ross Ice Shelf, the Filchner–Ronne Ice Shelf and
the Amery Ice Shelf. The pattern of inflow and outflow
is closely related to the geostrophic wind at 700 hPa
(Fig. 6); near the ice shelves the geostrophic wind at
700 hPa is directed toward the sea.

To study the importance of different regions on the
annual variations in 〈B〉, the correlation coefficient
between the annual mean vertically integrated pole-
ward atmospheric moisture transport within a longi-
tude band of 10◦ and 〈B〉 was calculated. Figure 9
shows the correlation coefficient together with the
vertically integrated poleward atmospheric moisture
transport within a longitude band. The regions with
the largest moisture inflow are again Wilkes Land, the
Antarctic Peninsula, Ellsworth Land and Marie Byrd
Land. The poleward atmospheric moisture transport
in these regions are significantly positively correlated
at the 95% confidence level with 〈B〉; variations in
moisture advection in these regions are important for
variations in the mean surface mass balance over the
entire ice sheet. There are also regions which show an
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Fig. 9. Poleward atmospheric moisture transport in a longitude band of 10◦ (in 106 kg s−1) as a function of longitude
(a) and correlation between mean annual values of the surface mass balance over the grounded ice and the poleward atmospheric
moisture transport in a longitude band of 10◦ (b). The dashed (dotted) lines at r = ±0.66 (r = ±0.53) indicate significant
correlation at the 99% (95%) confidence level.

anti-correlation (ice shelves), but only in two of the
10◦ latitude bands in the region of the Filchner–Ronne
ice shelf and the western side of the Ross Ice Shelf is
this anti-correlation just statistically significant at the
95% confidence level.

7. Moisture advection during a winter
month in Wilkes Land

To study time variations in poleward atmospheric
moisture transport in a small region, we have selected
a sector in Wilkes Land (110–130◦ E) where the pole-
ward moisture transport is large. We study one winter
month, July 1980. Moisture transport is clearly epi-
sodic (Fig. 10); two major events occur around 11 and
16 July. At the end of the month, several smaller events
occur. From 17 to 20 July, moisture is transported away
from the continent in the Wilkes Land sector.

Fig. 10. Poleward atmospheric moisture transport across the grounding line in the longitude band 110–130◦E (Wilkes Land)
during July 1980 as a function of day of the month. Note that the time interval on which model output is available is 6 h.

To study the relationship between boundary-layer
flow and atmospheric moisture transport, we aver-
age the meteorological variables over two bulk layers.
In the lower layer, extending from the surface to 500 m,
the mean meridional wind component is directed to-
ward the sea (Fig. 11). In the upper layer, extending
from 500 m to 7 km, inflow of moisture takes place,
except from 17 to 20 July, when flow at all levels is to-
ward the sea (Fig. 12). From 17 to 20 July the specific
humidity in both layers drops significantly to values
well below 1 g kg−1. This decrease in specific humid-
ity, caused by the change in wind direction, reduces
the amount of moisture that is transported in the atmo-
sphere during this event.

During the events of large poleward advection of
moisture at 11 and 16 July, the northerly component
of the wind in the upper layer is at a local maximum.
The geopotential height of the 700 hPa level and the
6 h accumulated precipitation at 12 UTC 11 July are
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Fig. 11. Monthly mean meridional component of the wind at
the grounding line in the longitude band 110–130◦E (Wilkes
Land) for July 1980 as a function of height. Model output is
averaged over the grid boxes, representing grounded ice, in
the longitude band 110–130◦E (Wilkes Land) which have a
nearest neighbour outside the grounding line.

shown in Fig. 13. The strong northerly winds in the
sector 110–130◦E are caused by a low pressure system
at 80◦E. This, together with the increase in specific
humidity at the upper level, results in large poleward

Fig. 12. Time series of the meridional component of the wind v (a), specific humidity q (b) and poleward moisture transport
(c) in the layer from the surface to 500 m height (solid line) and in the layer from 500 m to 7 km height (dotted line). Values of
v and q are averaged over the grid boxes, representing grounded ice, in the longitude band 110–130◦E (Wilkes Land) which
have a nearest neighbour outside the grounding line. qvdp is the advection of moisture over the grounding line in the same
longitude band. The values are plotted for July 1980 as a function of the day.

advection of moisture and high precipitation rates in
the Wilkes Land sector.

Figure 12 strongly suggests that the boundary layer
and middle/higher troposphere reacts passively to the
occurrence of the synoptic systems. Mostly, the merid-
ional component of the wind in the boundary layer fol-
lows that of the higher troposphere. This indicates that
the katabatic force is not the main driving force for
moisture exchange. Note that there are several days
when northerly wind occurs below 500 m. Also the
specific humidity in the boundary layer follows the
higher troposphere, with a time lag. Both northerly
and southerly moisture advection occurs in the lower
layer, but it is much smaller than the moisture advec-
tion above 500 m. We conclude that variations of the
moisture advection in the boundary layer in Wilkes
Land during July 1980 are insignificant for moisture
exchange between the ice sheet and the surrounding
oceans.

8. Conclusions

In this paper we have used a regional atmospheric
model, forced at the lateral boundaries by ERA-15
data, to study the relationship between boundary-layer
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Fig. 13. Geopotential height of the 700 hPa level (contour lines; dam) and precipitation over the previous 6 h (shading; mm
w.e. per 6 h) for 12 UTC 11 July 1980.

processes and poleward atmospheric moisture trans-
port toward the grounded Antarctic ice. The net pole-
ward atmospheric moisture transport (−〈∇ · Q〉) in
RACMO is determined by the transport of water vapour
and does not include blowing snow. Our results show
the importance of synoptic-scale dynamics of the flow;
in the 14-yr integration, the flow within the model do-
main controls variations in −〈∇ · Q〉.

The classical picture of a katabatic circulation shows
an outflow of cold air in the lower atmosphere, induc-
ing, by mass continuity, an inflow of relatively warm
moist air at higher levels. We studied whether moisture
inflow at higher levels responds passively to the kata-
batic outflow. Were this the case, −〈∇ · Q〉 would be
largest when the katabatic outflow is largest. However,
our results show that the opposite is true; the boundary
layer responds passively to the synoptic systems rather
than being the driving force of meridional moisture ex-
change. During years with weak mean katabatic winds,
−〈∇ · Q〉 is large. These wet years generally have a
deep circumpolar trough and a low value in the bound-
ary layer both for the directional constancy and for the
mean southerly and mean easterly components of the
wind. All these phenomena indicate that during wet
years the prevailing katabatic winds are frequently in-
terrupted by the influence of low-pressure systems. In
the higher troposphere, stronger than average westerly
winds with a high value for the directional constancy
are present during wet years. These conditions prevail

when the polar vortex is strong (Van den Broeke and
van Lipzig, 2002) resulting in weakening of the down-
slope, easterly near-surface winds, by the large-scale
pressure gradient force.

Without considering changes in flow dynamics, wet
years are likely to correspond to warm and humid
atmospheric conditions. However, we did not find a
significant correlation between surface mass balance
and temperature or humidity for annual mean values.
The results confirm that the large-scale dynamics of
the flow are dominant in forcing annual variations
in the poleward moisture transport.
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