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1. Introduction  
One remarkable characteristic of the Antarctic 

surface wind regime is its high directional 
persistence. Directional constancy, a ratio of the 
vector wind magnitude over the mean wind speed, 
is typically 0.9 or greater. This indicates that the 
winds in the lower atmosphere are essentially 
unidirectional. The constancy displayed by the 
surface wind regime is among the highest on 
earth, rivaling even the trade winds. Unlike the 
case in the middle latitudes where the wind 
constancy increases with height and is a 
maximum in the upper troposphere, winds over 
the Antarctic continent are typically greatest at the 
surface and decrease upward. Lettau and 
Schwerdtfeger (1967) first noted this and referred 
to the systematic alignment of winds from the 
upper atmosphere to the surface as a “negative 
thermal wind” effect. This arises in part due to the 
presence of radiatively-cooled, negatively-buoyant 
air lying over sloping terrain, which produces a 
horizontal temperature gradient and hence a 
thermal wind. The resulting horizontal pressure 
gradient force from such a thermal field is 
responsible for the infamous Antarctic katabatic 
wind regime. Knowledge of the thermodynamic 
state of the lower atmosphere is prerequisite to 
understanding the atmospheric dynamics of the 
Antarctic surface wind field. 

Numerical model simulations of Antarctic 
surface winds have progressed rapidly in quality 
during the past decade. Recent results have 
shown that simulated winds in the lower 
atmosphere are in good agreement with available 
observations and generally fit well with the 
streamlines suggested by Parish and Bromwich 
(1987). In general, flows at the lowest levels are 
directed some 20-60° to the left of the fall line, 
consistent with Coriolis deflection of gravity-driven 
flows. As noted by Parish and Cassano (2000), 
however, the fact that there is reasonable 
agreement between model results and 
observations  is  not sufficient  to  ensure  that  the  
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Antarctic atmosphere is being handled in a 
representative and realistic manner.  Parish (2001) 
has noted that seemingly realistic flow regimes 
can be generated by a number of different 
processes since the Antarctic terrain plays such a 
central role in the shaping of the wind field. In 
particular, it is difficult to differentiate flows that are 
katabatic in origin as opposed to those that 
develop owing to effects of orographic blocking. 
This can be of significance in a practical sense 
since secondary fields that are critical to accurate 
forecasts, such as cloud and precipitation, are 
highly sensitive to the dynamics of the wind field. 
Initialization is a critical factor for any modeling 
system. For Antarctic applications, care must also 
be taken regarding the low-level wind and 
temperature fields such that they are formulated in 
a consistent and physically meaningful process. 
Failure to do may result in spurious initial 
accelerations of the low-level wind field that can 
persist throughout the integration period and 
contaminate the numerical results. 

To infer the importance of the katabatic forcing 
in producing the Antarctic wind field, a series of 
numerical simulations have been conducted. The 
Fifth Generation Penn State/NCAR Mesoscale 
Model (MM5) Version 3.4 has been used for all 
model experiments. Details of MM5 can be found 
in Grell et al. (1994). The forecast period covers 
the midwinter conditions and consists of daily 
numerical simulations from 15 June to 15 July 
2001. Selection of this time period coincides with 
the maximum katabatic forcing possible. 
Simulations were initialized using the 0000 UTC 
NCEP AVN Global Model grids. Each model run 
was carried out for a 36-h period. Only the 24- and 
36-h times were used in the analyses that follow. 
The MRF boundary layer (Hong and Pan 1996) 
and CCM2 radiation (Hack et al. 1993) schemes 
were used in all simulations. To ensure consistent 
initial wind and temperature fields, the parameter 
ISFC in the interpolation subroutine INTERPF was 
set to 7. This allowed the initial fields of 
temperature and wind over the sloping Antarctic 
terrain to be initialized in a manner that is as 
dynamically consistent as possible.  

All simulations to be discussed incorporate a 
single domain consisting of 127 x 127 grid points 
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with 60-km grid spacing. There are 25 levels in the 
vertical including seven within the lowest 250-m to 
resolve details in the low-level flow. For brevity 
only the 30-day averaged results from the lowest 
sigma level (σ = 0.9990), corresponding to a 
height of approximately 10 m above the 
continental ice surface, will be discussed.  
 
2. Wind Conditions During Winter 2001 

Selection of the 60-km grid resolution 
represents a compromise between large areal 
coverage and sufficient resolution to depict terrain-
induced boundary layer flows.  Grid resolution is 
sufficient to capture the broad scale wind and 
temperature fields over the continental interior but 
is unable to resolve fine-scale details of the local 
terrain such as the complex topography 
associated with the Transantarctic Mountains. For 
the simulations conducted, the 24- and 36-h 
results were averaged for the entire midwinter 
period 15 June – 15 July 2001. This provides 
estimates as to the mean thermodynamic and 
dynamics conditions within the lower atmosphere. 
Figure 1 illustrates the mean streamlines of the 
wind at the lowest sigma level. It can be seen that 
a broad drainage is present off the high plateau of 
Antarctica extending down to the continental 
margin. Strong topographic control of the surface 
wind  regime  is  obvious.   Winds  over  the  entire  

 

 
 
Fig. 1. Mean streamlines at lowest sigma level (10 
m agl) from MM5 simulations for midwinter period 
15 June – 15 July 2001. Antarctic terrain contour 
heights (m) represented by dashed lines.  
 

continent are closely aligned with the underlying 
topography. Circumpolar easterly flow is present 
to the north of the continent. The wind pattern 
shown in Fig. 1 is in close agreement with the 
mean streamlines suggested by Parish and 
Bromwich (1987). In that simulation, the mean 
streamlines were representative of katabatic 
processes. Confluence features of the surface 
wind similar to Parish and Bromwich (1987) are 
seen as well in the mean streamlines for the 
midwinter MM5 simulations. 

Mean wind speeds for the midwinter period 
are also comparable with previous work and 
available observations. Figure 2 shows the mean 
wind speeds at the lowest sigma level from the 
MM5 simulations. In general, the mean midwinter 
wind speeds are light over the continental interior 
and increase toward the coast.  The strongest 
wind speeds over the continent are found over the 
steep coastal terrain where magnitudes of 
approximately 15 m s-1 are typical. Some wind 
speed maxima coincide with the confluence zones 
seen in the mean streamlines such as Adélie 
Land, the Siple Coast region of West Antarctica 
and the Amery Ice Shelf.  Both the continental 
streamline and wind speed patterns are 
suggestive of a wind regime in which the katabatic 
component is the dominant forcing mechanism.  
There exists strong control of the surface wind 
regime by the underlying terrain. Both patterns of 
wind speed and wind direction are what would be 
expected of a purely katabatic wind regime. 
 

 
 

Fig. 2. As in Fig.1, except for mean wind speeds. 
 



 63

To understand the dynamics and 
thermodynamics of the atmosphere, it is useful to 
output individual terms within the respective model 
equations.  Parish and Waight (1987) and 
Cassano (1998) have shown the utility in 
diagnosing model output when terms in the 
prognostic equations are known. For the midwinter 
study, the horizontal pressure gradient force 
(PGF) from MM5 was output at every sigma level. 
These values were then averaged over the entire 
30-d period to determine the mean PGFat each 
level for each grid point. Figure 3 illustrates the 
mean PGF at the lowest sigma level for the 
midwinter period. Here the vectors are scaled by 
the Coriolis parameter and thus the magnitudes of 
the PGF represent geostrophic values. The 
outstanding feature in Fig. 3 is the direction of the 
mean PGF over the continent, which is down the 
direction of the local fall line.  The PGF 
magnitudes are also shaped by the terrain with the 
largest values over the steepest terrain slopes 
near the coast. The topographic control of the 
PGF displayed in Fig. 3 is impressive and is again 
suggestive of a katabatic-forced wind regime. 

 

 
Fig. 3. As in Fig. 1, except for the mean horizontal 
pressure gradient. Vector magnitude referenced in 
terms of geostrophic wind speed (m s-1). 
 
3. Katabatic Forcing of the Midwinter 

Antarctic Surface Wind Rigime 
To understand the forcing of the midwinter 

Antarctic surface winds, the horizontal pressure 
gradient force must be resolved into components 
representing katabatic and large-scale ambient 
processes.  The horizontal pressure-gradient, F, in 

the downslope direction can be expressed (Mahrt 
1982): 
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where d is the potential temperature deficit, the 
difference in potential temperature at any point in 
the katabatic layer between the radiatively cooled 
layer and the ambient atmosphere. The term α 
refers to the terrain slope, h is the height of the 
diabatically cooled layer, Θo is a reference 
potential temperature, and s refers to a horizontal 
distance. Other symbols have their usual 
meteorological meaning. The first term on the right 
represents the effect of radiatively-cooled air over 
sloping terrain that is responsible for katabatic 
winds. It will be referred to as the katabatic 
component of the PGF. The second term 
represents the effects of the change in the depth 
and/or cooling of the katabatic layer in the 
downslope direction on the acceleration. Ball 
(1960) notes that this term is generally small for 
Antarctic winds. The third term represents the 
component of the PGF in the free atmosphere 
above the katabatic layer, or also called the 
ambient PGF.  

Cassano (1998) has shown that it is possible 
to infer each of these terms from numerical model 
output, and thereby depict the momentum balance 
of katabatic flows. In this study, a diagnosis of all 
three terms has been made from the MM5 output 
fields. The process of determining the katabatic 
component of the PGF proceeds as follows. A 
background potential temperature profile at each 
grid point over the sloping ice terrain is computed 
by fitting a line to the potential temperatures in a 
layer between 1000 and 2500 m above the ice 
surface. This is generally above the katabatic layer 
and presumably represents the temperature profile 
in the free atmosphere above the radiatively-
cooled layer. The difference between the sigma 
level potential temperature and the inferred 
potential temperature in the ambient environment 
is the potential temperature deficit. 

Calculation of the potential temperature deficit 
for the midwinter conditions from the MM5 
simulations was made for each 24- and 36-h time 
period.  These fields were then averaged for the 
entire 30-d period to arrive at estimates of the 
mean potential temperature deficit over the 
continent. Figure 4 illustrates the mean potential 
temperature deficit at the lowest sigma level for 
the midwinter period. The largest deficits are found  
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Fig. 4. As in Fig. 1, except for the mean potential 
temperature deficit (K). 
 
over the high interior of the continent and 
decrease toward the coast.  The greatest deficits 
are in excess of 20K over the Dome C region. 
Deficits over the interior generally are in excess of 
15K, decreasing to less than 5K right over the 
steep coastal ice slopes.  The pattern of the 
potential temperature deficits roughly matches that 
of inversion strength (Schwerdtfeger 1984).                         

Calculation of the mean midwinter katabatic 
component of the PGF follows directly from Eq. (1) 
after the potential temperature deficit field has 
been calculated. Terrain slopes are computed 
using the same finite difference form as other 
variables on cross points (Grell et al. 1994). The 
resulting vector field of the katabatic component of 
the PGF is shown in Fig. 5. As in Fig. 3, the 
vectors are scaled by the Coriolis force and 
represent geostrophic wind magnitudes. Similar to 
the PGF in Fig. 3, the vectors are directed down 
the fall line with the largest magnitudes over the 
steep coastal margin. It is obvious from Fig. 5 that 
the katabatic component can only explain a 
fraction of the total PGF in Fig. 3. Experiments 
have been conducted to examine the sensitivity of 
the potential temperature deficit calculations to the 
choice of parameters for layer thickness and 
height of the ambient atmosphere. It is clear that 
the vectors of the katabatic component of the PGF 
in Fig. 4 are representative. This suggests that the 
Antarctic topography effectively controls the 
surface wind field through processes other than 
simply katabatic forcing. 
 

 
 

Fig. 5. As in Fig. 1, except for the component of 
the mean horizontal pressure gradient due to 
katabatic processes. Vector magnitude referenced 
in terms of geostrophic wind speed (m s-1). 
 

The vector difference between the total PGF 
and the katabatic component of the PGF should 
provide an estimate as to the ambient forcing in 
the lower atmosphere. Fig. 6 illustrates the 
difference field. It can be seen that the ambient 
PGF is considerably larger than the inferred 
katabatic PGF for nearly all grid points. In addition, 
the mean ambient midwinter PGF retains a close 
association with the underlying ice terrain. Again, 
the PGF vectors are directed downslope and the 
largest magnitudes are found over the steep 
coastal slopes. This suggests that, regardless of 
the katabatic forcing, the Antarctic orography 
forces an adjustment in the horizontal pressure 
gradient force such that the net forcing mirrors the 
topographic slopes. Parish and Cassano (2001) 
and Parish (2001) have noted that such an 
adjustment is consistent with barrier winds, which 
take place as stable air is forced against a 
topographic ridge. 

 
4. Summary 

The directional constancy of the Antarctic wind 
field is the result of the dominant influence of the 
underlying terrain. A series of daily 36-h numerical 
simulations using MM5 were conducted over the 
period 15 June to 15 July.  Model results were 
then averaged to arrive at estimates of midwinter 
conditions over Antarctica.  
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Fig. 6. As in Fig. 1, except for the component of 
the mean horizontal pressure gradient above the 
katabatic layer. Vector magnitude referenced in 
terms of geostrophic wind speed (m s-1). 

 
Time-averaged winter winds near the surface 

are directed along favored topographic pathways 
similar to what would be expected from katabatic 
forcing. The mean PGF from MM5 is directed 
downslope with the largest forcing above the 
coastal ice slopes. Analyses show, however, that 
the component of the PGF due to katabatic 
processes is but a fraction of the total PGF. The 
mean ambient PGF also reflects strongly the 
influence of the underlying continental ice terrain. 
Antarctic orography is responsible for an 
adjustment of the large-scale pressure field such 
that the gradients reflect the fall line of the ice 
slopes to produce a PGF indistinguishable from 
that forced by katabatic processes. This suggests 
that even the midwinter wind field is not 
necessarily dominated by katabatic episodes but 
rather reflects the adjustment of the ambient 
pressure field with the Antarctic terrain. This 
presents a paradigm shift regarding the role of 
katabatic processes in shaping the surface wind 
field. 

From a practical standpoint, the strong control 
of the topography on the surface wind field has 
implications regarding model initialization. Clearly, 
the initial fields must reflect the underlying model 
terrain. The PGF at the start of the model 
integration must reflect dynamics consistent with 
the terrain-induced forcing such as seen in Fig. 3. 
The thermodynamic fields must yield a 
representative field of potential temperature 

deficits appropriate for the synoptic situation.  
Otherwise, anomalous accelerations in the low-
level wind field will result. 

There are also implications regarding 
validation of model results based on actual station 
data. Comparison should take into account 
differences in the model terrain height, slope and 
direction. Owing to finite grid representation, 
significant differences arise between observed 
terrain heights and slopes and those represented 
in numerical models. This is, unfortunately, most 
serious over the steep coastal slopes where the 
observational database for Antarctica is the most 
complete. It is inappropriate to compare 
observations to model results where grid 
resolution is insufficient to depict actual forcing.  
Likewise, incorporation of Antarctic data into 
numerical models must also recognize the need 
for compatibility between the actual station height 
and terrain slope with that represented in the 
model. 
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