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As the southern hemisphere’s ‘cold source’, Antarctica interacts strongly with the
atmospheric and oceanic circulations of middle and lower southern latitudes. The
relative barotropy of the tropospheric standing waves over most of the southern
hemisphere compared with those in the northern hemisphere, ensures that heat and
momentum transports are mostly accomplished by the synoptic-scale frontal cyc-
lones, or transient eddies. These synoptic circulations are crucial in the delivery of
energy and moisture to the Antarctic. However, as cyclones migrate into higher
latitudes they are themselves modified thermally and dynamically by contact with
the elevated ice sheets and the extra-continental sea-ice zone. Features involved in
this interaction include the circumpolar westerly vortex, the persistent katabatic
wind regime, and areas of open water within the pack. Far from being a cyclone
‘graveyard’, the Antarctic coastline and sea-ice zone is the site of considerable cyclo-
genesis on the subsynoptic, or meso, scale. This paper reviews the nature of
Antarctic-lower latitude interactions in the synoptic context, for both higher fre-
quency (transient) and lower frequency (interannual) sariations. The latter includes
particularly the teleconnections associated with ENSO (El Nifio-Southern Oscil-
lation), which are discussed from the standpoint of observations and also exper-
iments using GCMs (general circulation models). Since our understanding of the
variability of Antarctic synoptic processes has been very strongly shaped by the lack
of long-term meteorological data sets over large areas of the adjacent southern

oceans, a discussion of these data bases is also included.

Introduction

Antarctica plays a critical role in the global cli-
mate system via its continental ice sheets, floating
ice shelves and extra-continental sea-ice zone.
The combined area of the ice sheets and ice
shelves is approximately 14X 106 km? (Budd
1991), while the sea-ice area varies seasonally on
the order of 4-20 X 106 km? (Zwally et al. 1983).
This seasonal change virtually doubles the size of
the continent (see Fig. 1) and provides a relatively
high albedo surface to around 55-60°S by early
spring. On longer time-scales sea-ice formation
influences the production of Antarctic bottom
water, which is important for global climate
change (Budd 1991). Since the ice is uncon-
strained by land over its entire equatorward ex-
tent (cf. the Arctic), the Antarctic is involved
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thermodynamically and dynamically in the
oceanic and atmospheric circulations of middle
and lower southern latitudes (Carleton 1987).
The extreme continentality of Antarctica arises
from the location of the South Pole within a land
mass and the elevation of the ice sheets. In east
Antarctica the ice surface exceeds 2000 m in alti-
tude over all except the near-coastal zone, with
much of the interior also rising above 3000 m. In
combination with a high surface albedo (about
0.85: Weller 1980), low atmospheric water vapour
content, and lack of cloud cover (<4-5 tenths),
the interior continental zone is marked by an
annual net radiation (Q*) deficit. At the South
Pole in winter, Q* is approximately —28 Wm ™2
(Carroll 1982). The intense radiational cooling in
winter results in mean surface temperatures of
between —60° and —70°C (Herman and Johnson
1980), and strong surface-based inversions of
magnitude 15°-25°C (Schwerdtfeger 1984).
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Fig. 1 Schematic summarising important features of Antarctic climate, as compiled from various sources. These are:
Parish and Bromwich (1987), confluence zones of katabatic winds from observed data; Giovinetto and Bentley
(1985), mean annual accumulation; Schwerdtfeger (1984), barrier wind axis; Taljaard (1972), Winter Antarctic
Front (WAF); Streten (1973), Zwally et al. (1983), Bromwich (1989b), major polynyas; Jacka (1983), maximum
and minimum sea-ice extents; Heinemann (1990), Bromwich (1991), Carleton and Fitch (1991), Fitch and
Carleton (1992), meso-cyclogenesis regions identified to date and dominant directions of movement — arrows.

These features are discussed in the text.
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The deficits of Q¥*, the slope of the ice surfaces
and the semi-permanent temperature inversions
all promote a persistent gravitational katabatic
flow that prevails in the lowermost 1-2 X 102
metres of the atmospheric boundary layer, is of
high directional constancy, and dominates the
annual wind regimes at coastal stations in east and
also west Antarctica (Streten 1968, 1990). There is
strong control of the katabatic flow by the surface
topography, as evidenced by the correspondence
of wind observations from isolated stations on the
ice sheets with snow sastrugi, and as reproduced
in recent model simulations (Parish and Brom-
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wich 1986, 1987). Convergence and acceleration
of the flow occurs at coastal embayments (see Fig.
1).
The deficits of Q* over the continent also
necessitate a strong poleward transport of energy
by the atmosphere. Model estimates of the
horizontal heat flux across a ‘wall’ at 70°S, which
are required to balance the radiative, turbulent
and conductive fluxes over the polar cap (70-
90°S), are approximately 42 Wm™2 in summer
and 137 Wm™? in winter (Nakamura and Oort
1988). The meridional transport of heat is ef-
fected predominantly by synoptic-scale cyclones
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migrating into the Antarctic from their genesis’

areas over middle latitudes (e.g. Radok et al. 1975;
Physick 1981). The importance of the transient
eddies to the momentum and heat fluxes is a
consequence of the stationary waves of geopoten-
tial and temperature being more or less in phase
(i.e. they are equivalent barotropic) over most ex-
tratropical southern latitudes, and transporting
little heat compared with the waves in the north-
ern hemisphere (see Van Loon (1979), his Table
3). It is interesting, also, that the heat transport by
the stationary eddies increases close to the
Antarctic coastline, at least in longitudes of the
Weddell Sea (Kirk 1987).

The synoptic-scale cyclones are important in
the delivery of moisture as clouds and precipi-
tation, and also microparticles (Thompson and
Mosley-Thompson 1982), to the coastal and
lower-lying portions of the ice sheets (Fig. 1). In
west Antarctica, with its generally lower ice
elevations compared with east Antarctica, the
moisture transport to the interior is large and
dominated by synoptic events (Rubin and Gio-
vinetto 1962; Bromwich 1988). Since the inter-
annual variability of synoptic processes over
higher southern latitudes is large (e.g. Streten
1980a,b), precipitation regimes are also thought
to be similarly variable. The latitudinal location
of the sea-ice edge is influenced strongly by tem-
perature (Budd 1975; Weatherly et al. 1991) and
also dynamic forcing by winds and ocean currents
(Ackley 1981a; Enomoto and Ohmura 1990), and
this helps determine the migration of moisture
sources important for the accumulation on the ice
sheets (Bromwich and Weaver 1983; Giovinetto
et al. 1990).

Antarctica is not a passive player in the lati-
tudinal exchanges of energy and moisture. Con-
siderable baroclinicity may be induced by the
interaction of propagating Rossby waves with the
sloping ice surfaces (Mechoso 1980). Model simu-
lations (James 1988) suggest that the continent
may force a mid-latitude long wave pattern with a
split jet near New Zealand. This signature of
blocking is evident in the observed height fields.
The higher latitude baroclinicity may also be
manifest as mesoscale cyclogenesis close to the
continent (e.g. Heinemann 1990; Bromwich
1991; Fitch and Carleton 1992), which appears to
be particularly frequent near regions of conflu-
ence of the katabatic wind (Fig. 1). The latter may
itself be enhanced by synoptic patterns that
favour general low pressure to the east (Streten
1968), and which act to open coastal polynyas
(Kurtzand Bromwich 1983). These may provide a
surface source of heat and moisture for some
mesocyclogenesis events. Similarly, the advance
of the sea-ice under conditions of strong southerly
flow may reinforce baroclinic conditions near the
ice edge (see Kottmeier and Hartig 1990) and pro-
mote intensification of the original synoptic-scale

cyclone. These feedbacks are potentially aug-
mented by cloud-radiation interactions in the sea-
ice marginal zone (Cahalan and Chiu 1986). Thus,
it is possible for a given set of sea-ice-circulation
anomalies to be established, and these may also
manifest a larger climate teleconnection such as
ENSO (El Nifio-Southern Oscillation). For
example, there is evidence that the efficiency of
the Southern Ocean cyclones in transporting eddy
sensible heat varies strongly according to the
phase of the Southern Oscillation (Carleton and
Whalley 1988).

This paper surveys the synoptic climatology of
tropospheric circulations over higher southern
latitudes and the interactions occurring between
Antarctica and lower latitudes. The primarily syn-
optic framework that is adopted is particularly
useful since extratropical frontal cyclones are
implicitly involved in the large-scale mean circu-
lation and climate via time-averaged ‘storm
tracks’ (Physick 1981; Trenberth 1987) and lower-
frequency teleconnections, particularly the ENSO
(Lyons 1990). While the emphasis in this review
paper is on the results of observational studies, the
implications of recent work with GCMs are also
included, especially with regard to ENSO.

Synoptic processes at higher
southern latitudes

Data sources for synoptic climatologies
While the southern hemisphere oceans have been
notoriously devoid of long-term coherent
meteorological data sets, a wide variety of sources
has been utilised to infer the basic synoptic pro-
cesses (see Streten 1982). For higher ocean lati-
tudes these include ship logs of the Southern
Ocean explorers, and more comprehensive obser-
vations from the whalers in the south Atlantic and
southern Indian Oceans (see Heap 1963, 1964;
Kukla and Gavin 1981). The whaler data are par-
ticularly apparent in the availability of sea-surface
temperature (SST) observations for latitude zone
40°-50°S. These were highest in number around
the turn of this century (Oort et al. 1987).
Long-term mean records from some higher-
latitude islands, notably Orcadas (Schwerdtfeger
et al. 1959), have been used to characterise the
recent climate and sea-ice conditions (e.g. Streten
1977; Budd 1982; Rogers 1983; Rogers and Van
Loon 1982; Zwally et al. 1983; Carleton 1988) and
to help calibrate the temperature signal from Ant-
arctic ice cores (Aristarain et al. 1986). In the
absence of long-term spatial analyses of pressure
for large regions, the island observations have
been used extensively in the form of zonal and
meridional indices of SLP (and implied geo-
strophic winds) (Streten 1982; Rogers and Van
Loon 1982; Trenberth 1976a; Streten and Zillman
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1984). The dominance of the island observations
in some numerical analyses is evident from the
location of the maxima in derived fields, such as
the eddy heat fluxes (Van Loon 1980). The island
records have also proven useful in examining
more fully the teleconnection patterns inferred
from the statistical analysis of shorter-term grid-
point analyses (Rogers and Van Loon 1982; Van
Loon and Rogers 1984a; Mo and Van Loon 1984;
Mo and White 1985), and to verify secular trends
in the circulation inferred using these data sets for
different time periods (Swanson and Trenberth
1981).

Large-scale spatial analyses of pressure/height,
temperatures and winds date back, with any de-
gree of reliability, to the 18-month period of the
IGY (1957-58). Previous analyses suffered from
data gaps over very large areas; particularly the
South Pacific and Antarctica (Lamb and Britton
1955; Lamb 1959). The IGY analyses were con-
tinued well into the 1960s with the South African
quasi-hemispheric analyses, and comprise a base-
line atlas of meteorological variables (Taljaard et
al. 1969). The IGY data are the basis for much of
our current understanding of synoptic processes
over middle and higher southern latitudes, par-
ticularly the regions of cyclone formation and
decay, and cyclone tracks (e.g. Rastorguev and
Alvarez 1958; Van Loon 1962, 1967; Astapenko
1964; Davidova 1967; Taljaard et al. 1969; New-
ton 1972). Operational analyses dating back to
this period for particular regions, such as the Ant-
arctic Peninsula, have also yielded synoptic cli-
matologies (Sturman 1979).

Despite the major advances in our understand-
ing of synoptic processes deriving from the IGY
analyses, data gaps continued over much of the
South Pacific and only improved from the late
1960s. These improvements were achieved pri-
marily with the extensive use of visible and IR
channel polar orbiter cloud data (e.g. Van Loon
and Thompson 1966; Streten 1969). Statistical
information from these images could be incorpor-
ated into the numerical analysis scheme devel-
oped from about 1972 at ANMRC (Australian
Numerical Meteorological Research Centre) and
the Australian Bureau of Meteorology. The Aus-
tralian hemispheric grid-point analyses spurred
the derivation of new synoptic climatologies and
facilitated, for the first time, detailed appraisals of
the variability of the circulation over the southern
hemisphere oceans (Streten 1980b, 1982; Le Mar-
shall and Kelly 1981; Le Marshall et al. 1985;
Swanson and Trenberth 1981). Improved cover-
age of ocean areas was also helped by the deploy-
ment of drifting buoys for the FGGE year of 1979,
and particularly their inclusion in the ECMWF
(European Centre for Medium Range Weather
Forecasts) global-scale analyses. The buoys re-
vealed some surprising features of the circulation
over higher ocean latitudes, particularly the depth

and intensity of Southern Ocean winter cyclones
and the strength of the zonal westerlies (Guymer
and LeMarshall 1980).

For the Antarctic continent, a relatively small
number of manned stations (both year-round and
summer only) has been operating since the IGY,
mostly along the coastal margin. They have been
used both in local-scale climatologies, from which
the broader circulation could be inferred (e.g.
Streten 1990), and for large-scale analyses (e.g.
Mo and Van Loon 1984; Bromwich 1988). These
stations were augmented from the early 1980s by
the deployment of automatic weather stations
(AWSs) on the Ross Ice Shelf, the Antarctic
Peninsula and Adelie Land. The data they provide
are supplying important information on meso-
scale processes, particularly the katabatic and
barrier winds, and high latitude mesocyclogenesis
(e.g. Bromwich 1987, 1989a,b, 1991).

Given the general inaccessibility of the seasonal
sea-ice zone to consistent surface-based monitor-
ing, the contribution of satellites to our under-
standing of high latitude synoptic processes and
sea-ice—climate interactions has been significant.
Passive microwave sensing using the ESMR
(Electrically Scanning Microwave Radiometer)
and SMMR (Scanning Multichannel Microwave
Radiometer) on Nimbus-5 and 7, and the SSM/I
(Special Sensor Microwave/Imager) on the DMSP
{Defense Meteorological Satellite Program) plat-
form, have provided data on the Antarctic sea-ice
extent and concentration since 1973 (see
Maslanik and Barry 1990). These data, either in
their primary (brightness, temperature) format or
as secondary products (e.g. ice extent, ice area),
have been used extensively to describe the mean
ice conditions and interannual variability, as well
as trends in the record (e.g. Comiso and Zwally
1982; Gloersen and Campbell 1988). For ex-
ample, a significant negative trend in the annual
open water maxima of between 5-10 per cent is
evident for the period 1978-87; much of this
trend appears to result from the absence of the
large Weddell Polynya in the 1980s (Gloersen and
Campbell 1988). Microwave estimates of the av-
erage ice concentration are of the order of 85 per
cent, but with substantial areas in the marginal ice
zone of around 50 per cent (Comiso and Zwally
1982). These are confirmed from higher resol-
ution satellite data, and also data from aircraft
and ships (Streten and Pike 1984).

Much useful information on the local and
regional-scale meteorology within the sea-ice zone
has been obtained from research ships, some as
part of special short-period monitoring programs
(e.g. Streten and Pike 1984; Heinemann 1990).
The Weddell Sea has been a particular focus of
these studies (Kottmeier and Hartig 1990). This
follows studies made previously using the drifting
buoys (Ackley 1981b). For the zone equatorward
of the ice edge, operational IR and microwave
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Fig.2 Schematic summarising dominant features of the synoptic climatology of higher southern latitudes, compiled from
various sources. These are: Streten (1980a), variability of the mean seasonal axis of the sub-Antarctic circumpolar
trough for the years 1972-77, mean location of the continental ‘high’ (1972-77), relative frequency by longitude of
monthly mean low pressure centres in the sub-Antarctic trough (1972-77); Astapenko (1964), Taljaard (1972),
Streten and Troup (1973), Carleton (1979), Mayes (1985), major: bold, and secondary: thin, tracks of mid-latitude
cyclones; Jacka (1983), maximum and minimum sea-ice extents. These features are discussed in the text.
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radiometry facilitates the determination of SSTs
and their anomalies, which are important indi-
cators of changes in the ocean-atmosphere heat
budget related to ENSO.

Synoptic circulations at higher latitudes

The broadscale synoptic climatology of the
middle and higher southern latitudes, derived
from the abovementioned data sources and result-
ing studies, is summarised in Figs 1 and 2 and
discussed below. It manifests an Antarctic—lower
latitude interaction that includes the following
features:
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. Frontal cyclogenesis over middle latitudes,

translation and maturation towards higher
latitudes, with cyclolysis in the circumpolar
pressure minimum at around 60°S (time-scales
of 4-7 days).

. Interruption of the circumpolar trough in key

longitudes by high pressure ridges (2-5 days),
especially where poleward extensions of warm-
cored anticyclones and higher latitude block-
ing events occur (7-14 days).

. Fluctuations in the intensity of the katabatic

drainage flow, especially near the continental
margins, on time-scales of about 2-7 days.
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4. Higher latitude mesocyclogenesis and its as-
sociation with the katabatic winds and avail-
ability of in situ moisture sources (1-3 days).

5. The dominant semi-annual oscillation in
pressure/height and related zonal wind, tem-
perature and precipitation over Antarctic and
sub-Antarctic latitudes (1-3 months).

6. Lower frequency teleconnection patterns,
most notably interannual variations in the
eccentricity of wavenumber one, and the
ENSO (3-7 years).

In addition, changes in the extent and concen-
tration of the Antarctic sea-ice (>4-7 days) occur,
and these interact with and modulate the above-
noted characteristics of the circulation (1-6) both
zonally and in key longitudes (weekly through
interannual time-scales).

Frontal cyclones. Frontal cyclogenesis takes
place over middle latitudes, preferentially in re-
gions where large horizontal gradients of SST
occur in association with the semi-permanent
" long waves (Baker 1979). This defines a promi-
nent three-wave pattern having maxima in the
three ocean basins (Streten and Troup 1973;
Carleton 1979). The absolute frequencies of
frontal cyclogenesis peak in the winter months
(June through September). Cyclone tracks curve
in towards Antarctica (Fig. 2), with maturity and
dissipation of systems occurring at progressively
higher latitudes. Cyclolysis occurs preferentially
near Antarctic coastal regions (Physick 1981) and
in the embayments. A major centre of cyclonic
stagnation is also located offshore from Dronning
Maud Land. The lower altitude of the west Ant-
arctic ice sheet means that cyclonic systems can
penetrate well into the interior there, and may
emerge on the opposite side of the continent
(Astapenko 1964). There is relatively little
seasonal change in the locations of the primary
storm tracks, which are characterised by small
variance of the u component of the wind and by
large variations of the v component and the geo-
potential height (Trenberth 1987). Secondary
tracks from the Tasman Sea and Gran Chaco of
South America assume increased importance in
winter, while interannual variations in storm
tracks and related jets may be substantial (Physick
1981).

James (1989) has proposed that the katabatic
winds are maintained by an Antarctic-middle-
latitude interaction involving the decaying frontal
cyclones. As these migrate into higher latitudes,
they advect air of high cyclonic vorticity and
westerly momentum equatorward on their west-
ern sides, and air, of reduced cyclonic vorticity
poleward on their forward sides. This mechanism
may help explain the sporadic nature of drainage
flow events observed near coastal sites on time-
scales of a few days.

Sub-Antarctic trough and the semi-annual oscil-
lation. The zonally-oriented circumpolar trough
(Fig. 2) is the summation of individual frontal
cyclones moving in from middle latitudes and dis-
sipating at higher latitudes. When considered
seasonally for the five years 1972-77, the latitude
variability of the circumpolar trough is largest in
the northwest Ross Sea and northeast of the
Weddell Sea (Streten 1980a). At monthly res-
olutions, this feature shows a marked between-
year variation in mean latitude for the Ross,
Amundsen, Bellingshausen and Weddell Sea sec-
tors (Streten (1980b), his Fig. 14). For the 1972-
77 period, this variation exceeded 8° of latitude in
the early autumn, early winter and late spring, but
was smaller (less than 4°) in the summer and late
winter/spring seasons. Of perhaps greater signifi-
cance than the interannual variations of the cir-
cumpolar trough are the intraseasonal variations
associated with the semi-annual oscillation.

The analysis of station SLP and geopotential
height, and determination of zonal indices by dif-
ferencing pressure/height observations between
station pairs across widely separated southern
latitudes, reveals a dominant semi-annual oscil-
lation (Van Loon and Rogers 1984b). The
seasonal march of pressure-height is out of phase
between Antarctic and sub-Antarctic latitudes
(e.g. Taljaard and Van Loon 1984; Streten and
Zillman 1984; Fig. 3). This results in the zonal
westerlies being strongest (weakest) in February/
March and September/October (December/
January and July/August) for the latitude zone
40°-60°S, while the opposite is true of the zone
30°-50°S (Fig. 3). The semi-annual oscillation is
also evident in the annual march of temperature
and precipitation at individual stations (e.g. Van
Loon 1972; Bromwich 1988). The majority of
Antarctic stations, including the AWSs (Allison et
al. 1991), reveal a ‘coreless winter’, where the
rapid decline of temperatures during autumn is
subsequently arrested and may even rise. The
coreless winter is not a local or even regional
phenomenon. It arises from large-scale shifts in
the hemispheric waves necessitated by seasonal
changes in the heating and cooling patterns of
land and ocean in middle and higher southern lati-
tudes (Van Loon 1967), and is particularly well
marked over the Indian and South Pacific Oceans
(Van Loon and Rogers 1984a). A semi-annual os-
cillation is also apparent in the changes through
the year in the latitude of the speed maximum of
the Antarctic Circumpolar Current, at least for the
FGGE year (Large and Van Loon 1989). This con-
firms the close association between the zonal wind
and ocean surface circulations of higher southern
latitudes (e.g. Baker 1979; Budd 1991).

The changes in the waves attending the semi-
annual oscillation are manifest as variations in the
position and intensity of the circumpolar trough,
such that the latter is closest to Antarctica and






