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We have performed some general circulation model experiments with a view to
exploring some of the physical mechanisms behind the observed apparent relation-
ships between tropical Australian region ocean temperatures and winter rainfall and
circulation. Prompted by the results of statistical studies, we have forced a July
model with idealised positive ocean temperature anomalies to the northwest and
northeast of the Australian continent. In two additional experiments this forcing
was confined to the northwest and to the northeast.

All three experiments simulated significant mean sea level pressure decrease over
the warm anomalies and various types of remote response. The 500 hPa field under-
goes significant increase over most of the tropics in each of the experiments. Large
precipitation increases were simulated over and near each of the warm anomalies. In
two of the experiments, despite the large changes over the adjacent oceans, little
significant precipitation difference was simulated over the continent. The exper-
iment with the sea-surface temperature anomaly to the northwest was the exception
to this and in it much of the country experienced precipitation rate increases in
excess of 1 mm day—1. The results taken together suggest that the addition of a
similar anomaly to the northeast of the country serves to lessen the impact of the
warmed waters to the northwest. The structure and location of the SSTA pattern is
seen to be very important in determining the rainfall response.

The model responses have been compared with a number of observational studies
and the model appears to be simulating many of the processes implied by the ob-
served correlations. As far as the author is aware this is the first time a model study
has succeeded in modelling precipitation change over much of Australia as a result
of tropical ocean forcing in the Australian region. It has been suggested here that the
observed correlations between Australian winter rainfall and ocean temperatures in
certain regions may not be the result of a direct link. The importance of the state of
the waters to the northwest of the continent has been re-emphasised.

Introduction

Because of the number of potential feedbacks, the
interaction of the atmosphere and underlying
ocean, particularly in the tropics, is of consider-
able interest. From the meteorologist’s point of
view it is known that anomalous oceanic con-
ditions can force anomalous behaviour of various
types. For a number of years it has been hoped
that, due to the relative longevity of oceanic
anomalies, atmospheric anomalies may be pre-
dicted on a monthly or even seasonal basis, as a
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consequence of air-sea interactions. However,
there are difficulties with this idea (see, e.g.,
Whetton (1990a,b)) and unambiguous impacts
may be present only in certain seasons and lo-
cations. The tropical western Pacific appears to be
a region in which small changes in the sea-surface
temperature (SST) can have dramatic impacts on
the mean atmosphere over a significant fraction
of the world’s surface (e.g. Branstator (1985)). In
this paper we are interested in the time-mean
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atmospheric response to SST anomalies (SSTAs)
in the Australian tropics, with particular empha-
sis on rainfall anomalies over the continent in
winter.

There are a number of observational studies
which have explored the link between anomalous
Australian precipitation and regional anomalies
of SST and circulation. Among these may be men-
tioned the investigations of Streten (1981, 1983),
Budd and Kep (1984), Wright (1987), Whetton
(1988), and Nicholls (1989). Some of these papers
have examined the apparent association of rain-
fall anomalies with anomalies of tropical ocean
temperatures in the environs of Australia. Streten
(1981) extracted three ‘wet’ and three ‘dry’ years
of Australian annual average rainfall from a 20-
year data set. He found that in the composite of
wet years 52 per cent of a large oceanic area to the
west of Australia, extending from the coast to
90°E, experienced higher than average SST. In the
dry composite the corresponding value was 45 per
cent. An even larger difference was seen for tem-
peratures taken over a region of the same size to
the east of Australia. Positive temperature anom-
alies covered 61 per cent of this region in the wet-
year composite and only 37 per cent in the dry
years. In a more complete analysis with this data
set, Streten (1983) subdivided the eastern and
western regions into latitude bands. His results
suggested that dry years were associated with cool
SST north of about 30°S and wet years with posi-
tive SSTA in that vicinity. By contrast, the associ-
ation with SST in the eastern region remained as
strong as before, with much less dependence on
latitude (down to 45°S). The findings of Budd and
Kep (1984), Nicholls (1984), Wright (1987), and
Nicholls (1989) were consistent in that winter
rainfall over most or parts of Australia appear to
be positively correlated with ocean temperatures
to the north, northeast and northwest of Australia
and negatively with temperatures to the southwest
and in the southern Indian Ocean. We should also
mention here the influence of the El Nifio phen-
omenon on the precipitation over Australia. It is
known that this is very strong in the eastern part of
the country and is thought to be associated with
SSTA in the eastern Pacific, far away from our
region of interest. However, the recent study of
Nicholls (1989) has shown that much of Aus-
tralian winter rainfall variability is associated
with two independent modes, one related to the
condition of the Southern Oscillation Index
(SOI), the other with temperatures to the north
of country. It is this latter influence which is of
interest to us here.

With what has been said above it is obviously of
considerable importance that we be able to under-
stand the mechanisms behind these manifes-
tations of air-sea interaction in the Australian
region, and the meaning of the apparent associ-

ations highlighted by observational studies. For
example, a given statistically-based scheme for
diagnosing Australian rainfall may perform quite
well for the present climate regime but, given
some climate change in tropical SST and associ-
ated shifts of rainfall patterns, such a scheme may
be of little use in future decades. There is really no
substitute for the proper understanding of the
physics involved in these processes. The use of
general circulation models (GCMs) affords an
ideal vehicle with which hypotheses framed as a
result of the findings of observational studies can
be tested and the climate system examined in a
controlled way. Palmer and Mansfield (1984) and
Tokioka et al. (1986), among others, have been
primarily concerned with the simulated circu-
lation response to an imposed SSTA in the west
Pacific. Few GCM studies have allowed an assess-
ment of the link between Australian region SST
and precipitation over the Australian continent
and these have had limited success in reproducing
the apparent relationships implied by the obser-
vational studies. Keshavamurty (1982) per-
formed an experiment with an idealised positive
SSTA centered on the equator to the north of Aus-
tralia. He simulated a reduction in winter precipi-
tation over virtually all of the continent. Voice
and Hunt (1984) imposed a negative ocean tem-
perature anomaly in the tropical Indian and cen-
tral and west Pacific Oceans in their January
simulation. The rainfall response in their exper-
iment was not statistically significant over Aus-
tralia outside the tropics, although we stress the
test was carried out for Australian summer con-
ditions as distinct from the winter case which we
have been discussing above.

In this paper we describe the results of some
experiments designed to clarify the role of ideal-
ised SSTA patterns in the Australian region on
inducing circulation and rainfall anomalies, with
a view to help explain the meaning of some of the
associations which are observed. We have chosen
to perform these experiments with idealised pat-
terns rather than the detailed distributions which
various authors associate with wet or dry con-
ditions over Australia. There are sound reasons
for performing these sorts of experiments with
either realistic or idealised patterns. Some results
of our experiments may be difficult to compare
with observed atmospheric structure but their
interpretation is made easier due to the relative
simplicity of the surface forcing. Also, as is com-
mon in these sorts of experiments, the anomalies
are made somewhat larger and stronger than oc-
cur in reality. The rationale for this is that it is
easier to pick the signal from the noise in the
response. If a hypothesised response is not simu-
lated for a stronger-than-normal forcing it most
probably will not be present in the case of weaker
forcing.
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Experiments

The GCM used in the present experimentsisa 21-
wave version of that described in Simmonds
(1985), the climatology of which is presented in
Simmonds et al. (1988). As may be appreciated
from this latter publication, the model produces
creditable simulations of climate and, in par-
ticular, rainfall. The meaningful interpretation of
experiments like those performed here relies
heavily on having an accurate ‘control’ simu-
lation. The model uses prescribed SST and cloud
cover. The present work may be seen as an exten-
sion of that of Simmonds and Trigg (1988) and we
have performed three experiments with idealised
SSTA distributions. The first of these, which we
denote as NWNE, is forced with the SSTA pattern
shown in Fig. 1. (The figure shows changes over
land areas also. These changes come about as a
result of the ocean forcing and are not prescribed.)
The pattern is made up of two tapered ‘modules’
which share a common boundary at 135°E.
Within each module the temperature ranges
between 0 and 3°C, assuming this latter value at
only two grid points. The mean value is 1.66°C.
For the reasons mentioned above we have pre-
scribed this SSTA pattern to be larger and stronger
than those usually observed. However, in extreme
years the Australian analyses of SST exhibit large
areas over which the anomalies assume magni-
tudes of greater than 1°C and in excess of 2°C in
some areas (e.g. Coughlan (1979); van Dijk et al.
(1983)). The second experiment (NW) is forced
with the western ‘module’ only; that is, only that
part of the anomaly in Fig. | which lies west of
135°E. In the third experiment the forcing consists
of the eastern module only (experiment NE).
Hence the forcing in NWNE is the sum of that in
NW and NE. The climate of the ‘control’ model
was estimated from a 600-day ‘perpetual’ July
simulation, while those in the anomaly experi-
ments were 300-day means.

Fig. 1 Sea-surface temperature anomaly pattern used in
experiment NWNE. The contour interval is
1°C.

Results

The global response of the mean sea level pressure
in the three experiments is displayed in Fig. 2. (In
most of the plots shown in this paper, regions over
which changes are statistically significant at the 95
per cent confidence level in a univariate test are
denoted by stippling.) In experiment NWNE (Fig.
2(a)) the model has simulated significant pressure
reductions over the warmed ocean and by in ex-
cess of 5 hPa in the Tasman Sea. In experiment
NW (Fig. 2(b)) the model simulates pressure re-
ductions in excess of 3 hPa over, and to the west
and east of, the temperature anomaly. There ap-
pears to be some response in the Atlantic Ocean
and into mid and high latitudes of the southern
hemisphere. Figure 2(c) exhibits the pressure
change simulated in experiment NE. In this case a
large area of significant reduction is seen over the
anomaly and extends eastwards to cover most of
the tropics to about 150°W; there is also a signal in
the east Pacific. By contrast a region of significant
pressure increase is simulated to the northwest of
Australia.

The changes in the 500 hPa height field (Z500) in
the three experiments are displayed in a similar
fashion in Fig. 3. There are a number of features
which are common to all three. In each, a large
fraction of the tropics has undergone significant
increase in Zsgp on a scale much larger than that
simulated at the surface. This implies that the,
positive surface temperature anomalies have re-
sulted in a warmer lower tropésphere and that
warming is well mixed throughout the entire
tropics. Another signal which is common to the
three experiments is the near-barotropic response
in the extratropics. There are also differences of
considerable interest. In experiment NWNE (Fig.
3(a)) the Australian sector is dorninated by rather
zonally-symmetric increases of height to about
30°S and reductions to the south of Australia.
These changes are associated with strengthened
westerlies in southern Australia and to the south
and weakened westerlies poleward of 45°S. The
response in NW (Fig. 3(b)) suggests a much
smaller increase of the westerlies in this vicinity
but a significant drop in Zspg in polar latitudes. In
experiment NE there is little organised extra-
tropical response. This case is of interest also
because of the height reduction, albeit of limited
significance, to the northwest of Australia. Com-
parison of Figs 2(c) and 3(c) suggests that the
lower tropospheric temperatures in this region
have changed little in the experiment, as opposed
to the increases modelled over much of the rest of
the tropics. As representative of the geographical
distribution of the changes to the wind field at
upper levels, we show in Fig. 4 the anomalous 200
hPa streamfunction generated in NWNE. The’
greatest sensitivity of this parameter is also re-
stricted to the Australian region, with a large
anticyclonic system centered over the continent,
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Fig. 2 Differences between the mean sea level pressure
of the NWNE (a), NW (b), NE (c), and the con-
trol simulation. The contour interval is 2 hPa, the
zero contour is accentuated and negative contours
are dashed. Regions of differences significant at
the 95 per cent confidence level are stippled.
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Fig. 3 Differences between the 500 hPa height of the
NWNE (a), NW (b), NE (c), and the control
simulation. The contour interval is 10 m, the zero
contour is accentuated and negative contours are
dashed. Regions of differences significant at the
95 per cent confidence level are stippled.

implying easterly anomalous winds over almost
all of the warmed ocean below. There is a cyclonic
anomaly to the south of this feature. With this
forcing, which lies entirely in the southern
hemisphere, there is virtually no response of any
magnitude which propagates into the summer
hemisphere.

The precipitation changes induced over the
Australian region in the experiments are shown in
parts (a) to (c) of Fig. 5. The anomalous forcing in
experiment NWNE induces significant precipi-
tation enhancement over, and to the southeast of,
the two components of the SSTA. Over the con-
tinent, only small areas in the west undergo sig-
nificant rainfall changes, being positive in the
northern part of Western Australia and negative
in the south. In NW (Fig. 5(b)) the rainfall is seen
to have increased, by up to 9 mm day—!, over the

Fig. 4 Difference between the 200 hPa streamfunction
of the NWNE and the control simulation. The
contour interval is 20 X 105 m2s~!, the zero con-
tour is accentuated and negative contours are
dashed.
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warm anomaly. It is interesting to note that this
area of significant increase displays a northwest-
southeast orientation, extending almost right
across Australia and into the Tasman Sea. By con-
trast, locating the forcing to the northeast of the
continent induces virtually no changes of signifi-
cance over Australia, even though greatly en-
hanced rainfall occurs over the anomaly (Fig.
5(c)). Noteworthy in the response in this exper-
iment is the large area of significantly less rainfall
to the northwest of the continent.

Fig. 5 Differences between the precipitation rate of the
NWNE (a), NW (b), NE (c), and the control
simulation. The contour interval is 2 mm day~!,
the zero contour is accentuated and negative
contours are dashed. Regions of differences
significant at the 95 per cent confidence level
are stippled.

An adequate understanding of these precipi-
tation changes must be based on the response of
the moisture cycle to the imposed SSTAs. The
changes in surface evaporation rate in the three
experiments are shown in Fig. 6. (These data are
presented in units of latent energy flux (W m—2),
To allow a direct comparison with precipitation
rates in mm day ! these values should be divided
by 28.5.) In all cases there are increases in evap-
oration over most, but not all, of the warmed
areas, with the maximum increases tending to
occur on the poleward side of the SST maximum.
A common feature of these plots is the tendency
for reductions in evaporation to occur in regions
which neighbour those over which it has increased
in response to positive SSTA.,

The conversion of the data in Figs 5 and 6 to the
same units suggests that the precipitation changes
are much greater than those of evaporation. The
latent heat flux change in NWNE, averaged (area-
weighted) over only the ocean points at which the
temperature had been increased, is 14.7 W m—2.
The anomalous precipitation averaged over this
domain is 66.1 W m~—2 in units of latent energy.
Hence the change in evaporation over the warmed
ocean is only 30 per cent of the anomalous pre-
cipitation. In experiment NW these averages (cal-
culated only over the warmed watér so the domain
is different from that in NWNE) are 17.2 and 84.0
W m~2,and 35 percent. In these long integrations
the moisture storage term is negligible and hence
the additional moisture must be provided by the
low-level convergence of moisture into the regions
of interest. By the above figures it is seen that this
latter source dominates over the positive anom-
alies in these experiments. The ratio of the
magnitudes of these two sources of moisture in
producing anomalous precipitation obviously de-
pends on a number of factors (e.g. scale of the
forcing) but the proportions given above are typi-
cal of model responses to tropical anomalies (e.g.
Mechoso et al. (1987); Simmonds et al. (1989)).

It is clear from the magnitude of the precipi-
tation changes that a large proportion of the
tropospheric heating being modélled is resulting
from the anomalous release of latent heat. The
anomalous surface fluxes of sensible heat in the
vicinity of the warm anomalies (shown in Fig. 7
for the case of NW only) are much smaller than
those of their latent counterparts displayed in the
previous figure. Averaged over the same domains
as above, the ratios of sensible to latent heat are
30, 24 and 32 per cent, for the NWNE, NW and
NE, respectively.

For its relevance to the understanding of the
moisture budget changes induced by the forcings
in these experiments, we have examined the
changes in relative humidity in the lower tropo-
sphere. We confine ourselves heré to displaying in
Fig. 8 the changes induced at 700 hPain NW. This
variable undergoes significant increase over much
of the warm anomaly and about half of the conti-






