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The rationale for data studies of the southern hemisphere circulation is addressed. A
brief account is given of hemispheric climatic records from the proxy data of the pre-
instrumental period to space-derived information. The limitations imposed by the
nature of the records on studies of past seasonal and interannual variability are pointed
out; some techniques for the examination of the earlier records are reviewed; and
current methods of continued monitoring of the circulation are described. Studies of the
broadscale sea surface temperature — atmosphere interrelation, in particular those of
the Southern Oscillation, are identified as an important area of current research. As an
example, the widespread and persistent anomalies of sea surface temperature (SST) in
the eastern Indian and southwest Pacific oceans associated with extreme anomalies of
Australian annual rainfall are described, as well as the concurrent out of phase SST
relationships with the eastern South Pacific. Problems in the investigation of the other
major surface feature of considerable variability and potential importance in

Exploring southern hemisphere climates

atmospheric forcing, viz. the Antarctic sea ice, are also described.

Introduction

The exploration of the climate of the southern
hemisphere, the principal features of its day-to-day,
seasonal and interannual circulation and their
interrelationships in space and time has a long
history. Primitive folk wisdom enshrined in legend
and handed down from generation to generation
existed among the earliest inhabitants of the
southern continents. The Australian Aborigines
witnessed inter alia the climatic and related
environmental changes that followed the last ice
age, and observed over many generations such
catastrophic events as the final flooding of Bass
Strait, the Gulf of Carpentaria and Torres Strait.
Archaeological studies have shown the precarious
existence of the early coastal civilisations of Peru
and the climatic influences on their development and
decay. However, because the southern hemisphere is
predominantly oceanic, the first broadscale
climatologists must be considered to have been the
Polynesians whose great expeditions extending from
the north Pacific to New Zealand, and to the
northern limits of the Southern Ocean icebergs,
required not only great navigational ability, but also
extensive knowledge of seasonal wind and weather.

Recorded history shows that the early navigators
took advantage of seasonal changes and of winds
controlled by the semi-permanent pressure features.
The Arabs traded to and from the east African coast
on the seasonally-changing monsoon; the Spaniards
sailed northward from the Straits of Magellan to
Chile and Peru, and thence westward towards the
Philippines across the tow latitude Pacific on the
fringes of the southeast Pacific high; the Portuguese

traders following the edge of the South Atlantic
anti-cyclone crossed from Brazil to the Cape of
Good Hope, and thence northward to pick up the
monsoon for India; and the Dutch followed the
westerlies of the southern Indian Ocean from the
Cape to the longitudes of western Australia before
using the eastern flank of the oceanic high to turn
northward to Indonesia. Thus, knowledge of the
general pattern of the southern hemisphere winds
was built up chiefly between the early 16th and late
18th centuries when Cook circumnavigated the
hemisphere and showed the extent of the westerlies
at middle and high latitudes. The merchant ships of
the 19th century took advantage of this accumulated
knowledge of the winds to travel speedily on their
routes around the hemisphere. It is of interest too
that the earliest attempt at a physical explanation of
the general circulation of the atmosphere is
associated with the southern hemisphere. On his
expedition of 1698—1700 to study the earth’s
magnetic field, Edmund Halley (who had proposed
the first theory of monsoons and trade winds in
1686) in command of the Paramour reached 52°S in
the south Atlantic. This is an infrequently occurring
example of a combined theoretical and
observational scientist in the field of geophysics. A
combination of observations and physical reasoning
has, however, marked all successive studies of the
climate and circulation.

In what follows, an attempt will be made to
briefly discuss the characteristics of the southern
hemisphere climatic record in the broadscale sense,
to look at the problems of, and available methods
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for, its synthesis at various times, and to identify
some of the present areas of study which are
important to its further investigation. The present
discussion will refer largely to the real atmosphere
and will not specifically consider the valuable tool of
modelling in climatic research. A recent general
review of this has been given by Hunt (1980).

The southern hemisphere climatic
record
Palaeoclimatic data

Long before the coming of man, the earth’s surface
and the ocean depths were recording the climatic
state, albeit often enigmatically. Deposits of fossil
plant and animal remains, landscape signatures of
glacial advance and retreat, the location and
orientation of fossil sand dunes, the characteristics
of river courses, tree rings, ventifacts, deposits in
lake bottoms and above all the deep sea bottom and
Antarctic ice cores have climatic messages if they
can be understood correctly. The further back in
time the more likely it is that the message has been
obscured, and most recently interest has
concentrated on the last major geological period —
the Quaternary. The difficulties of interpretation are
immense, and it is only in the past twenty years with
the development of accurate dating methods that
any extensive work has begun on the study of such
proxy climatic data for the southern hemisphere. A
synopti¢ view of a particular past time over the
entire hemisphere is. at present not possible e.g. an
indication of the level of hemispheric terrestrial

observations for perhaps.the most studied period viz .

the last major glaciation at around 18 000 years-ago,
is shown in Fig. 1. Observations are generally in
terms of interpretations of mean annual
temperature, of water balance (but not individually
of precipitation and evaporation), and sometimes of
wind direction.

In the past, the investigations which have led to
published interpretations of palaeoclimates have
been very much individual studies, and.only more

¢cently have critical reviews of the data types and
inter-comparisons been possible e.g. Peterson et al.
(1979) for global data of the last glacial period, and
Bowler et al. (1976) for the Australian region in the
late Quaternary. Assessments of this kind are
becoming increasingly coordinated in projects such
as’ the CLIMAP reconstruction of sea surface
temperature patterns based on deep sea cores
(CLIMAP project members 1976), and in informal
regional attempts to gather together data and
1nterprctatlons such as those of the Australian and
New Zealand CLIMANZ group (Salinger 1981).
This group first met in February 1981 to attempt to
piece together data for a number of time ‘spikes’ and
sequences extending from 37 000 years to 5000 years
before the present. Such assessments of data_can
lead to semx quantltatlve reconstructlons of past

climates such as those of Webster and Streten
(1978) for the late Quaternary in the Australian
region, or to full scale numerical modelling
simulations such as those of Williams et al. (1974)
and Manabe and Hahn (1977) which ultimately seek
to identify the relative importance of specific
external and internal controlling mechanisms on
climate by comparison with known characteristics
of the earth’s climate in previous ages.

Instrumental observations

Surface weather observation and records followed
closely, but more slowly, the European settlement of
the southern hemisphere, and the pattern in terms of
length of record and area of observation reflect that
of territorial growth of colonial and later national
entities. As an example, Fig. 2 shows the length of
rainfall record available to 1970 (the end of the last
assembled decade of global weather data) and
indicates that the areas of best agricultural land and
longest settlement are in general those of longest
climate record. Data bases of similar length exist for

Fig. 1 Location of southern hemisphere sites yielding
proxy evidence for palaeo-environments close to
the maximum of the last glaciation, 18 000 years
before the present (BP) after Peterson et al. 1979,
Solid figures refer to palaeobotanical, outline
figures to other geological data types. Circles refer
to dated sites with at least two dates in the interval

-+ 23 000 to 13 000 years BP; squares are sites with
one date in the interval 23 000 to 13 000 years BP

+ and with -the 18000 years BP level located;

.. diamonds are-sites with dates outside the interval
23 000 to 13 000 .years BP but with the 18 000
years BP ‘level located; triangles are sites without
dates in the interval 23 000 to 13 000 years BP or
sites where the location of the 18 000 years BP
data is uncertain. The stippled region indicates the
location of ice sheets or sea ice at 18 000 years BP.
Present coastlines are indicated.
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- "Fig. * 2 Apptoximate length of rainfall records'for the
southern hemisphere south of 10°S until 1970.
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the other surface meteorological elements, and it is
against a background of such sparse and variable
records that studies of climatic change or
interregional correlations in time and space must be
carried out. Antarctica is a special case and apart
from some early expedition data its broadscale
climatic network dates only from the International
Geophysical Year of 1957. The relatively short
period ‘of European settlement in the hemisphere
precludes any extensive use of weather journals or
other human written record as a supplementary
source to extend back in time knowledge of past
climate, as has been done in the northern
hemisphere. However, some work has been done in
this respect and further limited evidence may
become available to complete the written historical
records.

Upper air observations began during the Second
World War over a limited network which has now
expanded to cover most available island locations as
well as the continents. The use of the station record
is thus limited at best to little more than 35 years,
and more commonly, particularly in more remote
locations, to around 20 to 25 years. The time means
of these data have formed the basis of the present
southern hemisphere climatology which has been
most fully presented in the atlas of Taljaard et al.
(1969) and its ancillary publications. More recently,
means for some elements and levels have been
produced from the Australian Bureau of
Meteorology daily numerical chart analyses (Le
Marshall and Kelly 1981). Observations -at sea,

particularly of the sea surface temperature, -are :
limited by the pattern of the trade routes and the

quality of the observations — a discussion of these

factors is given elsewhere (Streten 1981a). In recent '

years, additional ocean data have become available

“following ™ particular oceanographical study

programs e.g. those of the USNS Eltanin (Gordon
and Molinelli 1975) and on the initiatives of the
Global Weather Experiment (see e.g. Zillman 1977).
However, our knowledge of the climatic history of
the oceans which constitute by far the greater part of
the hemisphere is clearly very poor.

Observations from space vehicles

The earliest meteorological satellites (TIROS
series) first went into orbit in 1960; however, only in
late 1966 did the ESSA series begin continuous
systematic coverage of the earth’s surface in a way
that was suitable for operational use and climatic
record. Since then, a series of satellite systems has
evolved, both polar orbiting and geostationary from
which climatic data never previously available have
been acquired for various time periods e.g.
cloudiness, earth-atmosphere radiation budgets,
upper winds from cloud motion, and temperature
profiles. These data are unique and represent an
entirely new way of studying climate. Perhaps their
greatest contribution has been the resulting vast
improvement in the quality of day-to-day synoptic
analysis over the oceans which thus permits more
accurate description of climate on monthly and
seasonal time scales. Some satellite data may be
examined however in their own right, and enable
general patterns of broadscale weather and climate
to be distinguished more readily e.g. Fig. 3 shows an
example of some southern hemisphere climatic data
derived from satellites alone with related features
based on conventional observations. Further
examples lie in the appearance of satellite-based
radiation budget analyses for the earth (e.g.
Winston et al. 1979), in the attempts to adequately
map sea surface temperature (e.g. Brower et al.
1976) and in the mapping of polar ice and snow
cover (e.g. Campbell et -al. 1975). However, most
modern climatology and environmental studies
attempt to use satellite products in conjunction with
conventional data, often by using the latter as
ground truth and attempting where possible to effect
a ‘marriage’ between the two data bases. Having
examined the characteristics of the available record
we might now consider how such data may be used
in the study of southern hemisphere climate.

Circulation indices and broadscale
monitoring

The comparison of hemispheric atmospheric
circulation patterns associated with particular
seasonal conditions, e.g. a widespread and long
lasting drought or an extremely hot summer over a
substantial continental area, and the ‘normal’
pattern or that of an opposite seasonal extreme is of
considerable interest in seeking causal relationships.
In the southern hemisphere such comparisons are
‘ot easy to make for most of the instrumental
record because of the absence of meteorological
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data over the oceans. No reliable series of day-to-
day weather charts which might form the basis of a
climatology existed for the hemisphere, or even over
the ocean in most regional areas, prior to the
International Geophysical Year of 1957. A history
of the development of southern hemisphere analysis
is given by Taljaard (1972) and Streten and Zillman
(1980). Since the introduction of global satellite
surveillance in 1966, the chart series, and hence the
monthly and seasonal synoptic climatology, has
been greatly improved. However, the data were not
fully comparable until the introduction of quasi-
objective numerical analysis methods in 1972, when
the Australian Bureau of Meteorology adopted a
system which is still basically unchanged.
Circulation comparisons prior to this time can be
made only in broad outline by use of various types of
circulation index based on station data alone, and
intended to describe some characteristic that is
thought to be important or representative of the

. ~Fig.. 3- Upper: -Climatic .frontal zones of ‘the southern -

hemisphere in summer (full line) after Taljaard
(1968). Frontal zone in the African sector (dotted
line) after Hattle (1968) based on conventional
observations. Mean satellite-derived cloud amounts
in summer shown only over the oceans after Miller
and Feddes (1971). (Stippled > 4 octas; hatched >
5 octas; cross hatched > 6 octas; crossed > 7
octas.)

Lower: Primary axes of the zones of satellite
observed early cyclone development for the spring
and autumn (full lines) and secondary axes (dotted
lines) — after Streten and Troup (1973).
Percentage frequency of 5 day averaged satellite
cloud pictures with axes of major cloud bands
within a 5° latitude by 10° longitude area for the
same season (stippled > 10%; hatched > 20%;
cross hatched > 40%) after Streten 1973(a).

circulation. Surface pressure or upper level
geopotential or thickness values at key stations
representative of presumed ‘centres of action’ may
be used. Such centres are, however, less readily
defined in the southern hemisphere than in the
northern hemisphere where the term is often applied
e.g. to the region of the Icelandic or Aleutian Low.
The latitude of the axis of high pressure has been
shown by Pittock (1971) to be important in
explaining some of the pattern of rainfall variability
over southeastern Australia and part of South
America. It was recognised early that this index
provided one measure of the broadscale circulation,
and Rubin (1955), Das (1956) and Lamb and
Johnson (1966) among others analysed data and
provided some statistical information for particular
longitudes where data were sufficiently reliable.
Pittock has continued the data base for eastern
Australia as his so-called ‘L’ index. Another feature
of physical significance is the mean zonal and
meridional components of wind during particular
time spans. These may be established by calculating
differences in sea level pressure between particular
pairs of stations meaned over monthly or seasonal
time periods; sequences of such data provide some
temporal measure of the variability of the
circulation over specific geographical cross-sections
without dependence on day-to-day chart analyses.
Such indices have been frequently used to map some
broadscale features of the data-void ocean areas:
van Loon (1967) used pressure and temperature
differences between combinations of stations at
different latitudes to study the half-yearly
oscillations in middle and high latitudes; the
regional and temporal variability of the mid-latitude
westerlies has been examined using a number of
station pairs with one station on the Antarctic coast
and the other on the lower-latitude continents or
islands (Streten 1977a); and Pittock (1980a,b) has
used combinations of indices of various types to
study patterns of rainfall and temperature over
South America viz. a Southern Oscillation index (to
be described in the next section), a pressure
difference between Tasmania and the Falkland
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Fig. "4 Examples of pairs of stations (identified’ by ‘the"
initial letters of their names) the differences of
whose mean surface pressure data may be used as
circulation indices for selected time periods, and
specifically to measure approximate mean zonal
(upper) and meridional (lower) wind flow.

Islands, the latitude of the high pressure axis off
Chile and indices of pressure differences across the
tropical Atlantic. Figure 4 shows some station pairs
which might be used for comparisons of this type, at
least for those periods when the station records are
contemporaneous. Time sequences of such data may
help to establish some indications of the circulation
variability for different time spans in terms of
strengths of basic wind currents.

More advanced methods using Empirical
Orthogonal Function (EOF) analysis have been
employed to describe the monthly mean pressure
variations over the hemisphere based on ten yéars of
station data (Kidson 1975); and Trenberth (1976a)
has examined short-term pressure fluctuations in the

Australia-New Zealand ' region - -using--the - same
technique.

The maintenance of the daily numerical chart
archive in Australia since 1972 now permits
comparable mean monthly surface pressure and
upper-level geopotential fields to be readily
obtained. Interannual comparisons are now possible
with much greater confidence over the entire
hemisphere, and with this background, a series of
simple synoptic indices has been devised using the
mean monthly surface charts. The indices are
described fully elsewhere (Streten 1980) but, in
general, give data at all longitudes for such items as
the latitude of the high pressure axis, the extent to
which high pressure extends into tropical latitudes
and the westerlies, the strength of the westerly
current between 40°S and 60°S and the latitude of
the Antarctic trough, as well as locations and
intensities of monthly mean pressure centres. They
can thus be compared with some of the data for
particular longitudes from the earlier records.
Figure 5 shows means of several of these indices
averaged over the first five years of such data (1972-
1977). Some interannual comparisons have also
been made, e.g. to show the rather abnormal nature
of the circulation during the First Global
Atmospheric Research Programme Experiment
(FGGE) year (Streten and Pike 1981).

The variability of the southern hemisphere upper
flow at 500 mb has also been recently studied using
the same basic data source (Trenberth 1981)
following an earlier EOF analysis (Trenberth 1980).
This work has shown inter alia the existence of a
quasi-biennial fluctuation in the zonal mean
geopotential height and westerly wind fields with
systematic poleward progression of anomalies, the
phenomenon being most evident at Australasian and
South Pacific longitudes.

The continued maintenance of this data source
with the use of derived indices, anomaly patterns
and EOF analyses should now enable the main
features of the circulation pattern to be monitored
leading to examination of possible interrelationships
between them and quasi-external forcing features
such as the sea surface temperature and the
Antarctic sea ice.

The Southern Oscillation — the sea and
the atmosphere

Throughout the history of meteorology attempts
have been made to relate present and future climatic
events to preceding events in the region concerned,
or to those in the present or past at a far distant
location. However, few such apparent correlations
have stood the test of detailed statistical
investigation, even in the short term, and at best
tend to apply for a period of several to many years
and then to change or entirely disappear. Probably
the most famous and intriguing of such
teleconnections is the Southern Oscillation which is
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well established observationally, and has plausible
physical interpretation. It was first described in
some detail by Sir Gilbert Walker (1923, 1924,
1928) and Walker and Bliss (1932, 1937) and has
since generated a massive contribution to scientific
literature. Essentially, the oscillation is related to
aperiodic changes in surface pressure on opposite
sides of the equatorial Pacific, and observations

Fig. 5 Mean monthly circulation indices for the southern
hemisphere based on S years of Australian Bureau
of Meteorology daily numerical surface pressure
charts. The full lines show the zonal mean, the
stippled area the range of monthly mean data and
the bracketed figure the annual mean of:

a, — the latitude of the axis of high

pressure;

b, — the pressure difference between 40°S
and 60°S (mb) and;

¢, — the latitude of the axis of the Antarctic
trough;

(based on Streten 1980).

which show that a variable but generally negative
correlation exists between surface pressure in the
eastern Pacific and that over Indonesia and northern
Australia. Historical records (Trenberth 1976b)
show that for some periods of years the phenomenon
is clearly evident, while at other times it is quiescent.
In the absence of detailed atmospheric analyses in
both areas the oscillation has usually been described
by a ‘Southern Oscillation Index’ using different
combinations of monthly or longer-term pressure
differences between stations in the southeastern
Pacific and those in northern Australia or the
eastern Indian Ocean (see a discussion by Trenberth
1976b). A histogram of the annual averages of one
such index due to A. J. Troup* is shown in Fig. 6.
This is based on the monthly mean pressure
difference, Tahiti minus Darwin, with departures
normalised to the 1932-77 mean. The occurrence of
a relatively high frequency of considerable
differences, both positive and negative, is apparent.
The indices have been linked via a large number of
apparent relationships with various climatic and
circulation anomalies in both hemispheres, and in
high as well as low latitudes. As the sea surface
temperature is strongly correlated with surface
pressure in the tropics, the former is also used in
these investigations of which the most recent are
those of Wright (1975), Julian and Chervin (1978),
Angell (1981), van Loon and Madden (1981), van
Loon and Rogers (1981) and Horel and Wallace
(1981). Oceanographic studies of Wyrtki (1975,
1977, 1979) indicate that for the El Nino
phenomenon in the ocean, the temperature and
depth of the mixed layer of the tropical Pacific may
frequently display large interannual variability in
close relationship with the Southern Oscillation in
the atmosphere. The heat capacity of the ocean is
much greater than that of the atmosphere, and its
motion is more generally on a much longer time
scale. Thus, it seems that for a full understanding of
the Southern Oscillation, as more generally for
other climatic- and circulation features, it will be
necessary to understand much more fully the
processes and time scales involved in temperature
changes in the upper layers of the ocean.

That the ocean temperature.is intimately related
to climatic events over the continents may be seen,
¢.g. for Australia, by examination of a limited ocean






