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Katabatic winds are prevalent boundary-layer features over Antarctica arising from
radiative cooling of the sloping ice fields. The terrain configuration of the continent
results in a low-level radial drainage of cold air from the gently sloping interior
plateau to the steep coastal escarpment. The persistence of the katabatic wind
regime implies that continental-scale subsidence into the boundary layer over Ant-
arctica is required from mass continuity considerations. The resulting meridional
circulation provides a direct link between the katabatic wind regime and the free
atmosphere.

A number of numerical experiments utilising both axisymmetric and three-dimen-
sional models have been completed in order to investigate the coupling between the
Antarctic katabatic wind field and resulting tropospheric motions. Axisymmetric
model simulations indicate that an upper-level cyclonic vortex rapidly forms in
response to the drainage circulations. Adverse horizontal pressure gradients associ-
ated with the circumpolar current in the free atmosphere act to check the drainage
flow and hence the katabatic wind regime decays to a fraction of its original intensity
over a time-scale of ten days or so. Three-dimensional model simulations suggest
that the departures from axisymmetry result in longitudinal variations in the inten-
sity of the katabatic wind-induced vortex motions. The strongest simulated upper-
level winds are found over the coastal slopes of east Antarctica.

Automatic weather station data reveal that katabatic winds are able to persist at
Terra Nova Bay in spite of adverse low-level horizontal pressure gradients over the
offshore oceanic regions. Dramatic differences in the forcing of surface winds over
the continental ice slopes and the offshore environment are evident. Katabatic winds
are shown to be sensitive to the radiative cooling of the local terrain, responding to
the annual cycle of solar forcing.

Introduction

Antarctica is a massive dome of ice covering
nearly the entire area south of 68°S. Nearly 70 per
cent of the continent extends above 2000 m and
approximately one-third above 3000 m (see
Fig. 1). The vast interior ice plateau region of
Antarctica above the 2000 m elevation contour is
characterised by rather gentle (typically 0.002 or
less) terrain slopes. The gradient increases
dramatically near the coast such that the ice top-
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ography rises over 1000 m within 50 km from the
coast. The geographical location of this ice conti-
nent ensures that wintertime conditions prevail
for nearly nine months of the year. The negative
heat budget of the sloping ice surface is respon-
sible for the existence of the katabatic wind, a
pervasive and dominant feature of the Antarctic
boundary layer.

Katabatic winds have incited considerable
interest since the earliest expeditions to Antarc-
tica and have been the subject of numerous
papers. An extensive collection of observations
(see Mather and Miller (1967)) of the katabatic
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Fig. 1 The Antarctic continent. Contour lines in metres.
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wind permits some generalisations on these drain-
age flows. It is clear that the directional constancy
of the wind, the ratio of the vector average wind to
the mean wind speed, generally exceeds 0.80 over
nearly the entire continent including the plateau.
In sections of coastal east Antarctica, the direc-
tional constancy values are in excess of 0.95. Such
extreme values imply a unidirectional nature of
the surface wind. Schwerdtfeger (1970) has shown
from sounding data at the South Pole and Vostok
station that a rapid decrease of directional con-
stancy is seen above the surface level, in contrast
to what is observed at middle latitudes. In ad-
dition, there seems to be a strong coupling be-
tween the direction of the flow and the local
terrain slope. Schwerdtfeger (1984) notes that re-
sultant wind directions are some 30°-60° to the
left of the fall line, presumably due to the influ-
ence of the Coriolis force. Finally, there appears to
be a strong connection between the resultant wind
speed and the steepness of the terrain slope. The
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strongest resultant winds are seen along the steep
coastal stretches of east Antarctica. An overview
of Antarctic surface winds can be found in
Schwerdtfeger (1984); Parish (1988) has also writ-
ten a summary of katabatic winds with emphasis
on the extraordinary intense surface winds seen
along certain coastal sections.

Parish and Bromwich (1987) have simulated
the time-averaged Antarctic katabatic wind
regime using the simple Ball (1960) surface wind
parametrisation (Fig. 2). Of interest are the nu-
merous ‘confluence zones’, regions of the Antarc-
tic interior in which the near-surface drainage
currents converge. Such areas have the potential
for extreme katabatic wind events, and in fact
some of the most intense katabatic wind con-
ditions have been encountered downwind of
simulated confluence zones near Cape Denison
and Terra Nova Bay (Parish 1981; Bromwich and
Kurtz 1982). Although the characteristics and
time-averaged pattern of katabatic winds are
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Fig. 2 Time-averaged streamlines of katabatic winds over Antarctica (adapted from Parish and Bromwich (1987)).

known with some degree of confidence, the influ-
ence of the Antarctic boundary-layer flows on the
large-scale circulation in the high southern lati-
tudes is known with far less certainty. As can be
inferred from Fig. 2, the continental-scale kata-
batic wind regime over Antarctica is characterised
by a diffluent drainage pattern in which winds in
the near-surface layer tend to move radially out-
ward from the major ice ridges atop the continen-
tal backbone. In addition, wind speeds generally
increase from the interior of the continent to the
coast. Low-level divergence must therefore occur
over the continent; mass continuity requires a
general subsidence into the katabatic layer. A
large-scale meridional circulation schematically
depicted in Fig. 3 can be envisaged with one
branch composed of the downslope-directed
drainage flow, strong convergence just offshore
with rising motion, a return branch at middle to
high tropospheric levels and the aforementioned
sinking motion over Antarctica. Upper-level con-
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vergence over the continent acts to increase the
cyclonic vorticity in the free atmosphere. Thus a
sharp reversal of vorticity must occur above the
boundary layer. This is, of course, consistent with
the thermal wind which arises from the radiative
cooling of the sloping ice terrain. The direct ther-
mal circulation alluded to represents that com-
ponent of the mean meridional flow which is
associated with the cooling of the elevated,
sloping Antarctic ice terrain and attendant kata-
batic wind regime. One should view this circu-
lation as embedded within the broad and much
more intense circumpolar vortex resulting from
solar geometry which extends from mid-latitudes
to the pole.

Effects of Antarctic katabatic winds on tropo-
spheric circulations were first discussed by Egger
(1985). Using an axisymmetric model, he simu-
lated the free atmospheric response to the kata-
batic wind circulation. Model simulations suggest
that upper-level westerly winds become estab-
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Fig. 3 Conceptual depiction of the meridional mass
circulation over Antarctica forced by the kata-
batic wind regime (from Parish and Bromwich
(1991)).
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lished in response to the drainage flow. He also
noted that no steady-state katabatic circulation
could be reached since the low-level easterly sur-
face winds about Antarctica provide a source of
westerly angular momentum; the cyclonic vor-
ticity generated in the free atmosphere cannot be
removed in the two-dimensional model. Such
transports in the real world are assumed by three-
dimensional synoptic-scale eddies in the high
southern latitudes. He concludes that the kata-
batic wind regime influences the entire tropo-
spheric circulation about the Antarctic continent.
Similar axisymmetric experiments have been
conducted by James (1986, 1988, 1989).

In this paper the interaction of the Antarctic
katabatic wind regime with the large-scale free at-
mosphere circulations will be explored using both
modelling and observational approaches. The
model used is a hydrostatic, primitive equation
system with explicit long wave radiational forcing
and turbulent flux representation. The numerical
experiments will incorporate axisymmetric model
runs utilising an idealised section of Antarctic
terrain as well as three-dimensional simulations
using the actual Antarctic topography. All nu-
merical simulations represent winter conditions;
no solar radiation is present in the numerical ex-
periments. Model equations have been integrated
for relatively long time-scales (20 days); emphasis
will be placed on the interaction between kata-
batic winds and the upper tropospheric circum-
polar vortex above Antarctica. The study will also
use surface data obtained from automatic weather
stations (AWS) to examine the relationship be-
tween the katabatic wind regime and the low-level
horizontal pressure gradient force in the vicinity
of the coastline. In particular, the modulation of
the katabatic wind and communication with the
large-scale environment will be investigated.

Model simulations

Axisymmetric experiments
Although the highest ridge atop Antarctica is dis-
placed some 10° from the South Pole and the
entire west Antarctic ice sheet contains but a frac-
tion of the ice volume of east Antarctica, the ice
continent can be considered axisymmetric to a
first approximation. The pattern of katabatic
wind streamlines suggests a radial drainage off the
elevated hinterland ice slopes. To assess the sig-
nificance of the katabatic wind regime on the
large-scale circulation, a number of numerical
simulations with an axisymmetric model have
been conducted. A detailed account of similar
numerical experiments can be found in Parish
(1991).

The model used in the numerical experiments is
a modified version of that described by Anthes
and Warner (1978). A description of the model
including the relevant equations can be found in
Parish and Waight (1987). The model is written in
sigma coordinates to allow for inclusion of irregu-
lar terrain. The downslope direction of motion is
along the x-axis; terrain contours are assumed to
run parallel to the y-axis. Thus the downslope
component of the wind will be denoted by u and

-the cross-slope component by v. A total of 15 ver-

tical levels is used in the model (6=0.996, 0.99,
0.98, 0.97, 0.96, 0.94, 0.92, 0.90, 0.85, 0.775,
0.70,0.60,0.50,0.30, 0.10); the pressure at the top
of the model is 250 hPa. The high resolution in the
lower levels of the atmosphere is necessary to de-
pict the katabatic wind. The lowest sigma level
corresponds to a height of approximately 20 m
above ground level. The model incorporates a
grey-body long wave radiation scheme following
Cerni and Parish (1984) that allows calculation of
radiative fluxes at the various sigma levels in a
moderately efficient manner. For the numerical
experiments presented, radiative cooling at the
surface is the driving mechanism for the katabatic
wind regime. A surface energy budget based on
the force-restore model of Blackadar (1978) is
used to depict changes in temperature at the ice
surface; turbulent fluxes of heat and momentum
within the surface boundary layer are modelled
using similarity theory (Businger et al. 1971). An
explicit representation of the planetary boundary
layer is attempted. Turbulent fluxes are evaluated
using a first-order closure scheme in which the
eddy diffusivity values are determined using the
equations proposed by Brost and Wyngaard
(1978). The specification of the height of the plan-
etary boundary layer is also taken from that work.
This set of parametrisations ensures a natural
evolution of the katabatic wind interaction with
the large-scale environment.

To represent the shape of the Antarctic ice
sheet, a power law fitted to the continental ice
slopes following that described in Parish and
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Waight (1987) and Parish (1991) has been used.
Such a form depicts the transition from gently
sloping interior terrain to the steep coastal escarp-
ment, a feature not present in earlier experiments
of Egger (1985) and James (1989).

For the model simulations to be presented here,
the model domain consists of 40 horizontal grid-
points with a grid spacing of 100 km. The model is

initialised about a state of rest; no horizontal
pressure gradients exist implying that the isobaric
surfaces are initially horizontal. This simple
initialisation process ensures that the tropo-
spheric motions arise as a result of the cooling of
the model ice slopes and subsequent evolution of
the drainage flow regime. The initial thermal
structure is identical to that used in Parish and
Waight (1987) and is considered representative of
the free atmosphere over Antarctica. Parish
(1991) has previously shown that the initial at-
mospheric stability is only of secondary import-
ance in the development of the katabatic wind
regime.

Two numerical simulations will be described.
In the first case it is assumed that the entire ocean
surface north of the Antarctic continent is covered
with a solid ice shelf (IS). The temperatures near
the surface in this case will therefore exhibit
continental characteristics, including a deep in-
version. The second numerical experiment will
employ an open ocean (OO) surface off the Ant-
arctic continent. The surface temperature of the
ocean will be held constant throughout the course
of the numerical integration. The purpose of these
two simulations is to explore the relative sensi-
tivity of both the katabatic wind regime and
attendant upper tropospheric circulation to the
baroclinicity of the Antarctic coastal environ-
ment. The presence of a solid ice sheet covering
the ocean should act to greatly reduce the turbu-
lent heat exchange between the ocean and the
atmosphere, thereby significantly reducing the
baroclinic nature of the coastal environment. By
contrast, an open ocean surface to the north of
Antarctica ensures an intense longitudinal tem-
perature contrast. Conceptually, a more vigorous
katabatic wind circulation and a deeper upper
tropospheric vortex should become established. A
comparison of these two simulations will give
some insight as to the relative importance of the
roles played by both the katabatic wind regime
and the strong horizontal temperature gradient at
the continental edge associated with differential
land cover in forcing the upper tropospheric
motions.

Figure 4 shows the evolution of the downslope
wind components for both the IS and OO simu-
lations at the penultimate grid-point from the
coast, and at an interior point at an elevation of
2000 m situated 500 km inland from the coast.
The terrain slopes for the two points are 0.010 and
0.002, respectively. Thus the near-coastal grid-

point is representative of the steep escarpment
about the continental perimeter while the second
point lies along the gently-sloping continental
plateau. It is clear that the katabatic wind de-
velops rapidly in response to the radiative cooling
of the terrain slopes. The maximum wind speed
occurs within the first 12 hours; the strongest sur-
face wind speed is approximately 14 m s~!in both
the IS and OO simulations and is found at the
coastal grid-point (one grid away from that shown
in Fig. 4). There is little evidence that the presence
of open water radically alters the evolution or the
intensity of the katabatic flow. Throughout the
remainder of the 20-day time integration, the
katabatic wind regime decays such that at the end
of the period, the wind speeds have been reduced
by 50 to 70 per cent. As noted by Egger (1985) and
James (1986, 1989), vorticity builds continuously
in the upper troposphere in response to the mer-
idional circulation induced by the drainage flows.
The horizontal pressure gradients in the upper at-
mosphere associated with the cyclonic vorticity
act to oppose the downslope flow; as the vortex
intensifies, the increasingly intense horizontal
pressure gradients act to suppress the drainage
wind.

Fig. 4 Time evolution of downslope component of the
katabatic wind at coastal and interior grid-points
for both ice-covered (IS) and open ocean (OO)
simulations.
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Figure S illustrates cross-sections of the 20-day
zonal wind and potential temperature fields for
both the IS and OO simulations. Again it should
be emphasised that no ambient geostrophic winds
are present at the start of the model simulations.
Both model simulations suggest intense vertical
wind shear near the surface as the vorticity pat-
tern moves from an anticyclonic regime in the
surface layer to cyclonic within 1 km above the
terrain. The cyclonic vortex develops rapidly such
that most of the adjustment is complete within the
first ten days. The strongest zonal winds through-

out the integration period are seen in the upper
portion of the troposphere above the steep coastal
escarpment. Owing to the effects of the open
ocean and attendant low-level horizontal tem-
perature gradients, the maximum 20-day zonal
wind speeds from the OO simulation (approxi-
mately 16 m s™!) are some 30 per cent stronger
than corresponding zonal winds in the IS case. In
both simulations the core of strongest winds tilts
southward over the continent in response to the
intense baroclinicity of the lowest levels of the
atmosphere above the sloping Antarctic terrain.

Fig.5 Cross-sections of the zonal component of the wind and potential temperature for the IS simulation (top) and OO

simulation (bottom) after 20-day model integration.
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