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The role of Antarctica in
southern hemisphere weather
and climate

W. F. Budd, Meteorology Department, University of Melbourne
(Manuscript received September 1981; revised July 1982)

The role of the Antarctic region in the southern hemisphere weather and climate is
being investigated by the combined techniques of general circulation modelling,
observations, and data analysis for improved parameterisation. A review is presented of
the information available on the climatology of the Antarctic region. It is concluded
that over the Antarctic continent the atmospheric processes can be successfully
modelled provided adequate vertical and horizontal resolution is used, particularly in
the steep coastal regions. Over the sea ice zone, however, the variability of atmospheric,
ice and ocean characteristics is high so that the development of dynamic interactive
atmosphere-ice-ocean models is required. The variations in the generation and
movement of southern hemisphere cyclones seem to be strongly dependent on the
variable heat exchange over the Southern Ocean and sea ice zone. It is through these
variations in the extratropical cyclones that the influence of the Antarctic on lower-

latitude weather and climate is most clearly felt.

Introduction

Although the Antarctic continent plays an
important role as the major heat sink in the climate
of the southern hemisphere, it is relatively inert and
passive with regard to its interaction with the
atmosphere in climatic change. This is primarily
because the snow surface changes little in albedo
and has relatively low heat storage capacity. By
contrast the Antarctic sea ice region can change
dramatically in albedo and in heat exchange with the
atmosphere. At the same time the atmosphere via its
variable winds, temperature and cloud can greatly
alter the sea ice characteristics on the short-time
scale. In addition, because of the high latent heat
capacity of the ice, some aspects of the sea ice tend
to be important over time periods of months to
seasons. Thus a complex interaction between the sea
ice and the atmosphere can be expected which is
important for both weather and climate.

In order to study these complex interactions the
combined techniques of satellite sensing, ground
truth studies, synoptic analysis, and numerical
modelling should be integrated. Of these the ground
truth observations, particularly in winter, are most
severely lacking. Nevertheless some progress has
been made using the other techniques as discussed
briefly here. A comprehensive recent review of the
role of the polar regions in climate has been given by
the Polar Group (1980).

Characteristics of the Antarctic
continent and its climate

There now exists a substantial data base of
Antarctic climatology to provide input to general
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circulation models for climate and to test the output
by comparison with the observational data base.
The primary input data include the surface elevation
and the albedo. The major difficulty concerning the
elevation is that of resolution. The relatively steep
coastal slopes are difficult to capture with coarse
resolution.

The surface albedo is relatively high and uniform
over the continent except for small areas of rock or
coastal ablation ice which are not large enough to
make an appreciable impact on the large-scale
circulation. A summary of the ice sheet surface
albedos as observed through the year for the stations
Mirny, Pioneerskaya, and Vostok are given in the
table from Rusin (1961).

The main climatic elements which can be used to
check the output of models include, firstly, the
surface temperature, the wind speed and direction,
snow accumulation (and ablation) and surface
pressure and, secondly, vertical profiles in the
atmosphere from a few interior locations where
meteorological measurements have been made. The
variation in surface temperature through the year is
generally only available at those locations where
manned stations have been maintained, although
automatic station data are now also becoming
available. Annual mean temperatures over the ice
sheet have also been derived from measurements to
about 10 m depth in the snow (cf. Budd et al. 1971
Fig. 1/5). Systematic deviations between the air and
snow temperatures have been discussed by Loewe
(1970) but in general these differences are only
about +1°C which is also the typical interannual
variability of the annual mean temperatures.
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Monthly mean values of albedo

Month
1 2 3 4 5 6 7 8 9 10 11 12
Station
Mirny 0.80 0.84 0.87 0091 — — — 093 090 0.85 0.83 0.8l
Pioneerskaya 0.82 0.83 0.84 0386 — — —_ — 097 087 086 0.84
Vostok 0.82 0.83 0.88 — — —_ — — 096 0.86 0.83 0.8I1

Wind speed and direction data in detail for the
whole year are also only available for the stations
manned for a year or more. Although there are a
substantial number of coastal stations with such
data available (more than 20) only a few interior
locations are represented, including: South Pole,
Vostok, Byrd, Pioneerskaya, Charcot, Plateau,
Mizuho, (cf. Fuji and Kawaguchi 1978), Siple
(monthly summary data available in the US
Antarctic Journal) and Eights. A few other locations
such as Komsomolskaya, Vostok I and Sovietskaya
have had data obtained for part of the year.
Summaries of the Antarctic climatological features
have been made by many authors, including: Rusin
(1961), Rubin (1964), Dalrymple (1966), Phillpot
(1967, 1968), Wilson (1968) and Schwerdtfeger
(1970).
~ For wind direction numerous oversnow traverses
have provided data of snow dune and sastrugi
directions. A systematic picture of Antarctic
katabatic drainage winds has been obtained by
Mather and Miller (1967a and b).

The inland station data indicate that the surface
katabatic wind is associated with the low surface
temperatures and strong low level inversions
generally below 100 m above the surface. Typical
strengths of the inversions over the ice cap in
summer and winter are given by Dalrymple (1966)
and are further examined by Phillpot and Zillman
(1970) and Schwerdtfeger (1970). Bromwich
(unpublished thesis 1976) found from measurements
of temperature and wind profiles over Law Dome
that the broad characteristics of the katabatic and
inversion can be largely explained by Ball’s (1956,
1957, 1960) simple 2-layer theory combining the
effects of the inversion strength, the synoptic
pressure gradient, the Coriolis acceleration and
frictional retardation. Bromwich was also able to
match the vertical profile of wind velocity using the
theory of Gutman and Malbakhov (1965) and
Lykosov and Gutman (1972) with a diffusion
constant of x ~ 0.13 m? s''. The friction relation
proposed by Ball, depending on the square of the
surface velocity, was also confirmed by Bromwich.
For the boundary layer over the flatter inland
plateau thermal wind and katabatic effects have
been described by Lettau (1966), Lettau and
Schwerdtfeger (1967), Schwerdtfeger and Mahrt
(1970) and Radok (1973). The transition to faster
coastal flow has been studied further with
observations by Kobayashi (1978) and Inoue et al.

(1978). Large-scale modelling of the topographic
effect on the katabatic in east Antarctica has been
carried out by Parish (1980).

A major characteristic of the surface wind field
then is a continual katabatic flow towards the coast
with a gradual turning by Coriolis to almost
casterlies. Near the coast topographic influences are
very important in channelling the winds into regions
of steep slope with strong flow. It is assumed that
strong synoptic pressure gradients are responsible
for the episodic violent blizzards in the coastal
regions. However, clear confirmation of this is still
required.

It is concluded that the major large-scale
characteristics of the katabatic wind should be able
to be captured by numerical general circulation
models provided horizontal and vertical resolution
are sufficiently high. For example, if the surface
temperature and that at the height of the next
upward grid point — say 60 m above the surface —
are used this should capture the inversion and
average surface wind which often has its maximum
at about 30 m height. Thus if the surface heat
balance gives rise to correct surface temperatures
these should feed into the katabatic wind
determination. Detailed surface heat balance data
are available for the following representative sites:
high plateau; Plateau (Weller and Schwerdtfeger
1977), central plateau; South Pole (Dalrymple et al.
1966), coastal slope; Pioneerskaya (Rusin 1961),
near Mawson (Weller 1968), ice shelf Little
America (Hoinkes 1968), sea ice Mawson (Weller
1968; Allison 1973; Allison and Akerman 1980).
Comprehensive radiation and heat balance studies
for the Antarctic region have been given by Rusin
(1961), Rubin and Weyant (1965), Berson (1966),
Zillman (1967), Lettau (1971) and Weller (1980).

With regard to precipitation in Antarctica direct
measurement is difficult because of the problem of
separating real precipitation from wind-blown snow
drift. However, extensive data on net snow
accumulation rates are available from
measurements near stations and along oversnow
traverses. Recent compilations of annual net
accumulation rates are given by Bull (1971) and
Kotlyakov et al. (1974).

Variations through the year in accumulation rate
are available for a number of locations including
Plateau, South Pole, Vostok, Byrd, Law Dome,
Terre Adelie, (cf. Radok and Lile 1977; Dalrymple
et al. 1966; Aver’yanov 1968; Budd et al. 1966;
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Black and Budd 1964; Lorius 1964). The effect of
snow drift transport on the redistribution of
accumulation has been studied by Budd (1966),
Budd et al. (1966), Radok (1970), Loewe (1970b),
Kobayashi (1972), Narita (1978) and Yamada et al.
(1978). The main effects of the wind transport are a
removal of snow from certain topographic features
and deposition elsewhere plus a net loss flux across
the coast to the sea or sea ice.

In the interior where the net accumulation is as
low as 2 g cm-2 a*! a substantial portion comes from
condensation. On the other hand evaporation
increases with decreasing elevation towards the
coast where the mass loss can reach a substantial
part of a 50 g cm? a*! net ablation rate cf. Loewe
(1956), Budd (1967), Yokoyamo et al. (1978) and
Yamada et al. (1978). Such zones of high ablation
rate, however, are relatively small in area and
typically the net accumulation rates are about 50 g
cm? a’! in the region of 100 km from the coast.

Finally, the variations through the year in surface
pressure have been discussed in detail by
Schwerdtfeger (1970), who found that the
predominant components were represented by
annual and semi-annual components. The minimum
pressure generally occurs in September and the
maximum in January, with a subminimum in March
and a submaximum in July. These changes are
discussed further with regard to the sea ice and
general circulation in the following sections.

Antarctic sea ice climatology

The Antarctic sea ice zone represents a region of
high interannual variability. The presence of the sea
ice has a strong positive feedback with respect to low
air temperatures. The region of the Southern Ocean
between about 30° and 60° lat. which is generally
north of the main sea ice belt has an annual mean
temperature decreasing with increasing latitude of
about 0.6°C/1° lat. In the primary sea ice zone
between 60° and 70°S this gradient increases to
above 1°C/1° lat. This effect is much greater in
winter as shown by Fig. 1. Here the variation in
temperature through the year is shown for locations
just north of the sea ice (Stanley, Grytviken and
Heard Island) and sites inside the sea ice belt from
Orcadas (at lat. ~61°S) to Mawson (lat. ~67°S)
and McMurdo (lat. ~77°S).

North of the sea ice zone the change of summer
and winter temperatures with latitude are similar.
From Heard Island to McMurdo summer
temperatures only decrease by about 6°C whereas
peak winter temperatures decrease by about 26°C.
Over this region the annual mean temperatures are
approximately linearly related to ‘freezing degree
day sums’ (°C day). The freezing degree day sums
are calculated from the annual sum of the daily
mean temperatures below freezing (—1.8°C for sea
water) and have been found to be useful for
estimating the growth of ice (cf. e.g. Mellor 1964).
Over the sea ice region the freezing degree day sums

Fig. 1 Variation of monthly mean temperatures for
locations north of and within the Antarctic sea ice
zone.
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vary from about —1000°C days with an annual
mean temperature of —4°C at Signy Island to
—6000°C days with —19°C annual mean at Halley
Bay. This gives a rate of change of 333°C days per
1°C. Over this range the duration of the sea ice
varies from near zero to the whole year. In the
McMurdo region the sea ice continues to grow
throughout the whole year but in summer may be
broken out by wind action.

In the case of Orcadas or Laurie Island the
interannual variation of sea ice cover and
temperature can be very large. The duration of the
sea ice varies with annual mean temperature from
zero at about —1°C to 12 months below about
—7°C.

The average annual variation in sea ice extent is
shown in Fig. 2 along with the corresponding change
in latitude of the ocean isotherms and the latitude of
the high pressure belt for the longitude of eastern
Australia. The sea ice growth lags the radiation and
temperature changes with the minimum around
February—March and the maximum around
September—October. This gives the growth and
decay rates of the sea ice not far out of phase with
the radiation fluxes.

The growth in sea ice thickness for stations at
different latitudes is shown in Fig. 3. Again the year-
to-year variability is high and these curves represent
typical mean growth curves. The effect of wind in
particular can make a large difference in the final
setting date of the ice and its subsequent growth.
From these results it is possible to indicate mean ice
thickness as a function of latitude and time of year
as shown in Fig. 4. Again this general picture can
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Fig. 2 Annual variations are shown for the latitudes of: the
mean Antarctic sea ice extent, the mean southern
hemisphere sea surface isotherms, and the high
pressure belt over the longitude of eastern Australia.
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only be taken as an approximate guide from the
station data. The sea ice thickness over the ocean in
winter is still largely unknown because few
measurements have been made, none of which could
be regarded as representative. Longitudinal
variations are also important particularly in the
region of the Antarctic Peninsula and the Weddell
Sea.

Although satellite imagery has been used to derive
ice extent the problems of the obscuring cloud for
visible and infrared wavelengths and the poor
resolution (~30 km) for microwave imagery means
that definite indications of ice concentration in
winter have not yet been obtained. Nevertheless
Zwally and Gloersen (1977), using a relative scale
for the microwave imagery, have obtained very
useful guides to ice extent and concentration
although other factors such as temperature and type
of surface also affect the results. From the
microwave imagery, estimates of the annual
variation in average sea ice extent and concentration
have been given by Zwally et al. (1979). At the
maximum extent in September they estimate about
half of the total area of 20 000 km is between 15 and
85 per cent and the remainder over 85 per cent.
Ground truth observations would be most valuable
to support the interpretation of the satellite imagery.
Considerable interannual variability exists in both
the sea ice extent and its concentration. For example
in some longitudes changes in the maximum extent
of over 5° lat. can occur from one year to another.
With regard to concentration a large area (2 x 103
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Fig. 3 Typical mean growth patterns of sea ice thickness at
locations of different latitudes in the Antarctic.
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Fig. 4 The average extent and derived thickness of annual
sea ice around Antarctica is shown as a function of
latitude.
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km2) of open water existed in the Weddell Sea —
surrounded by ice — during 1974 which did not
occur as marked in other years.

It is notable that in the sea ice zone high

variability also exists in a number of meteorological
elements such as temperature, pressure, wind speed,
cyclogenesis, and storm tracks. Many features of

these variations have been described by Streten and
Pike (1980), Streten (1980), Schwerdtfeger and
Kachelhoffer (1973) and Kachelhoffer (1973).
Simulations of the mean growth and decay of the

Antarctic sea ice through the year by numerical

modelling have been carried out by Washington et
al. (1976) and Parkinson and Washington (1979). In
order to obtain more direct interaction with the

atmosphere Hibler (1980) recommends the use of
dynamically forced ice thickness build-up. A further

major factor in the ice thickness distribution is the
heat flux contribution from the ocean. Allison
(1981) derived a mean ocean heat flux to the sea ice

of 9 Wm? from the measurements near Mawson.

Climatology of southern hemisphere
cyclones

A number of studies of southern hemisphere low
pressure systems have been carried out, for example:
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Taljaard and van Loon (1962), Taljaard (1965,
1967), Troup and Streten (1972), Streten and Troup
(1973) and Carleton (1979, 1980). In order to clarify
the features of cyclogenesis and the subsequent
tracks of the cyclones a compilation using recent
data has been undertaken by Budd and Kep (in
preparation). The location, generation and
movement of southern hemisphere low pressure
centres have been studied initially for the period
1975—79 and lately extended to 1972—80. From this
data the variation in the average pattern through the
year and the interannual variability are able to be
studied.

First of ali Fig. 5 shows the concentration of
cyclogenesis over different latitude bands for the
months of January, March, July/and September.
The January and March distributions also show the
generation of tropical cyclones at low latitudes but
still have their peak cyclogenesis rates farthest to the
south. It is interesting to note that the latitude of the
peaks moves north through the year in phase with
the sea ice extent and the sea surface temperatures
as indicated in Fig. 2. The most noticeable feature of
the distribution is the high peak in July between
latitude 40° and 50°S. This is the region of the
ocean north of the sea ice and which at that time of
year is losing considerable heat. From July through
September the sea ice zone has a lower
concentration of new cyclones except for zones of
thin ice, low ice concentration or polynyas.
However, the cyclones forming further north tend to
drift into the sea ice zone and give rise to the highest
concentration of cyclones and cyclone tracks there.

The variation in total new cyclones per month
through the year for the whole hemisphere is shown
in Fig. 6. Here the trend is for a maximum in
summer and a minimum in late winter—spring
(August—September). The interannual variation,
however, is very high as shown by the standard
deviation bars in the figure.

Fig. 5§ The mean number of new cyclones formed for each
10° latitude band in the southern hemisphere are
shown for the months of January, March, July and
September. The data are averaged over the period
1975-79 (Budd and Kep).
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Fig. 6 The average number of new cyclones generated per

month over the southern hemisphere during the
period 1975—79 are shown with range bars for +1
standard deviation (Budd and Kep).
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Fig. 7 An indication of the southerly migration of cyclones
in the southern hemisphere is given by the
distribution of starting and ending positions as a
function of latitude for July 1979 (Budd and Kep).
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The typical southward drift of the storm tracks is
illustrated by Fig. 7 which shows the difference in
the average starting and finishing latitudes for the
cyclones of July 1979. This southward shift amounts
to almost 10° lat. in the 30° to 40°S range but only
about 5° lat. south of lat. 50°S.

Interannual variability

There has been a long standing interest in the
possible role of the Antarctic region in climatic
changes. Some early studies showing the high
interannual variability include: Hofmeyer (1957),
Schmidt (1957), Berson and Radok (1960),
Karelsky (1960), Taljaard (1967), Lamb (1967) and
Fletcher (1969). Features of the high interannual
variability of the southern hemisphere atmospheric
circulation from more recent studies have been well
summarised by Streten (1980). The major
characteristics of the interannual variations of the
sea ice in relation to the circulation have been
described by Streten and Pike (1980) and also by
Lemke et al. (1980). The corresponding interannual
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variability in the characteristics of the extratropical
cyclones has been indicated by Carleton (1979,
1980) who also noted the high interannual variation
in climatic parameters of the continents, such as
rainfall. The causes of the large interannual
variations of rainfall in Australia are of primary
interest in climate studies. In the case of
southeastern Australia the number of cyclones
passing the continent north of latitude 50°S along
with their accompanying large spiral cloud bands
could be considered as a contributing factor to the
precipitation regime. Another major component
could be expected to be the moist tropical systems
originating from the northwest of Australia.

In order to analyse the interannual fluctuations in
storm tracks in relation to the sea ice the number of
tracks crossing various longitudes as a function of
latitude has been determined. As an example Fig. 8
shows the distribution of cyclone track-crossing of
longitude 145°E for September in 1975 and 1977. In
1977 the storms were tracking much further south.
The total number crossing north of lat. 60° were 20
in 1975 compared to 8 in 1977. North of lat. 50°S
the corresponding numbers were 9 and 4.

It is notable that the sea ice extent in 1977 was up
to 5° further south in the region south of eastern
Australia. Although the variation in other years has
not been as large there is some suggestion that the
storm tracks and sea ice extent do vary similarly
even though cause and effect at this stage have not
yet been clarified.

There is some evidence that the interannual
variability of the maximum sea ice extent is related
to the atmospheric temperatures although again
some positive feedback no doubt occurs. The
correlations of the interannual changes in the
maximum sea ice extent and Antarctic mean
temperatures suggested by Budd (1975) have been
clarified further by Jacka (1981) who found the
latitude of the sea ice edge some 10° to 40° of
longitude east of the Antarctic coastal stations to be
positively correlated with the station air
temperatures. Jacka also found these interannual
fluctuations in sea ice to have their largest
components at wave number | to 3 around the
hemisphere.

Conclusions

The Antarctic continent is relatively stable
climatically whereas the perennial Antarctic sea ice
cover undergoes substantial annual and interannual
variability. Even though the sea ice data from
satellite imagery is still only about one decade
duration it appears from this limited data set that
certain interactions between the atmosphere and the
sea ice are indicative of important interannual
climatic implications. A longer-term data set for
analysing the relations between the sea ice
distribution and the atmospheric circulation will be
crucial for clarifying these interannual fluctuations

Fig. 8 The interannual variability of southern hemisphere
cyclone tracks is illustrated by the distribution of
tracks crossing longitude 145°E in September 1975
and 1977 (Budd and Kep).
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of climate. Further ground truth in the sea ice zone
is needed from such sources as aerial photography
through the winter-spring months and data from
drifting buoys through the year. Finally, the
interaction between the atmosphere, sea ice and
ocean needs to be studied by high resolution general
circulation models.
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