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ABSTRACT

This study explores the impact of meridional sea surface temperature (SST) gradients across the eastern
Indian Ocean on interannual variations in Australian precipitation. Atmospheric general circulation model
(AGCM) experiments are conducted in which the sign and magnitude of eastern Indian Ocean SST gradients
are perturbed. This results in significant rainfall changes for western and southeastern Australia. A reduction
(increase) in the meridional SST gradient drives a corresponding response in the atmospheric thickness
gradients and results in anomalous dry (wet) conditions over Australia. During simulated wet years, this
seems to be due to westerly anomalies in the thermal wind over Australia and anomalous onshore moisture
advection, with a suggestion that the opposite occurs during dry conditions. Thus, an asymmetry is seen in the
magnitude of the forced circulation and precipitation response between the dry and wet simulations. To assess
the relative contribution of the SST anomalies making up the meridional gradient, the SST pattern is
decomposed into its constituent ““poles,” that is, the eastern tropical pole off the northwest shelf of Australia
versus the southern pole in the central subtropical Indian Ocean. Overall, the simulated Australian rainfall
response is linear with regard to the sign and magnitude of the eastern Indian Ocean SST gradient. The
tropical eastern pole has a larger impact on the atmospheric circulation and Australian precipitation changes
relative to the southern subtropical pole. However, there is clear evidence of the importance of the southern
pole in enhancing the Australian rainfall response, when occurring in conjunction with but of opposite sign to
the eastern tropical pole. The observed relationship between the meridional SST gradient in the eastern
Indian Ocean and rainfall over western and southeastern Australia is also analyzed for the period 1970-2005.
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The observed relationship is found to be consistent with the AGCM results.

1. Introduction

Variations in upper Indian Ocean properties have been
implicated in widespread changes to precipitation over
adjacent landmasses (Saji and Yamagata 2003), includ-
ing East Africa (e.g., Webster et al. 1999; Black et al.
2003; Hastenrath 2007), India, Indonesia (D’Arrigo and
Wilson 2008), and Australia (Ashok et al. 2003; England
et al. 2006; Ummenhofer et al. 2008). Recently, non-
uniform warming trends in the Indian Ocean have been
described (Alory et al. 2007; Thara et al. 2008) and there
are indications that characteristics of the dominant mode
of tropical Indian Ocean variability may be changing
(Abram et al. 2008). As such, there is a pressing need
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for a better understanding of the mechanisms by which
Indian Ocean variability modulates regional rainfall,
particularly in the context of improved seasonal rainfall
forecasting. The extended persistence of temperature
anomalies in the ocean, in contrast to the higher-
frequency variability in the atmosphere, in conjunction
with a more thorough understanding of the links be-
tween Indian Ocean sea surface temperature (SST) and
regional climate, can help improve seasonal rainfall
predictions and thus, ultimately, water and agricultural
management.

This study follows previous work linking a character-
istic pattern of Indian Ocean SST anomalies, and an
associated reorganization of the basinwide atmospheric
circulation, to Australian rainfall anomalies in obser-
vations and climate model experiments (England et al.
2006; Ummenhofer et al. 2008). The SST pattern (Fig. 1)
exhibits features of both the tropical and subtropical
Indian Ocean dipoles, but is distinct from previous
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FIG. 1. Average May—September SST anomaly (in °C) for the
(a) dry and (b) wet cases, superimposed as a perturbation on the
climatological SST across the Indian Ocean for individual poles,
separately and in combination, with the poles indicated by the dashed
black boxes as P,y and Pg. The green boxed areas in (a),(b) denote
the WA and SEA regions analyzed in this study. The full seasonal
evolution of the SST perturbations employed in the experiments in
this study is shown in Fig. 1 of Ummenhofer et al. (2008).

descriptions of the tropical Indian Ocean dipole (IOD;
Saji et al. 1999; Webster et al. 1999) and the subtropical
Indian Ocean dipole (SIOD; Behera and Yamagata
2001). In particular, the pattern of SST anomalies shows
a tripolar structure across the Indian Ocean: one pole
located in the tropical eastern Indian Ocean off the
northwest shelf of Australia, a region of opposite sign to
the south in the central subtropical Indian Ocean, and
a third pole to the south of Madagascar in the southwest
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Indian Ocean. In atmospheric general circulation model
(AGCM) experiments, Ummenhofer et al. (2008) assess
the effect of this basinwide anomalous SST pattern
on Australian rainfall. They find anomalous dry (wet)
conditions across western regions of Australia linked
to a reduced (enhanced) thickness gradient across the
eastern Indian Ocean induced by positive (negative)
phases of the tripole pattern. This results in easterly
(westerly) anomalies in the thermal wind and anoma-
lous offshore (onshore) moisture flux onto the conti-
nent accounting for significant shifts in rainfall over
Western Australia (WA) and southwest Western Australia
(SWWA).

Meridional SST gradients across the eastern Indian
Ocean seem to be a key factor for the Australian rainfall
response (Ummenhofer et al. 2008). Especially across the
eastern half of the Indian Ocean, the distribution of SST
anomalies described here is reminiscent of the observed
pattern described by Nicholls (1989), who also linked
these SST anomalies to variations in Australian winter
rainfall. When investigating Australian rainfall patterns,
Drosdowsky (1993b) found links between such Indian
Ocean SST in dry (wet) winters and anomalous high (low)
pressure over southern Australia with ridges (troughs)
extending northwest into the Indian Ocean. Furthermore,
Drosdowsky and Chambers (2001) showed improved skill
of rainfall hindcasts over southeast Australia (SEA) when
using a similar SST pattern as a predictor in addition to
using the Southern Oscillation index. Frederiksen et al.
(1999) found that the observed SST gradient between the
Indonesian Archipelago and the central Indian Ocean
affects winter precipitation over WA and SEA. These are
the two regions in Australia that will also form the major
focus of this study.

In AGCM experiments, Frederiksen and Balgovind
(1994) explored the effect of an enhanced gradient in SST
anomalies between the Indonesian Archipelago and the
central Indian Ocean on synoptic events that were con-
ducive to Australian winter rainfall. They showed strong
cross-equatorial flow northwest of Australia interacting
with short-wave midlatitude disturbances accounting for
enhanced rainfall. They further suggested that the mag-
nitude of the Australian rainfall response is more sensi-
tive to the strength of the meridional gradient than
its exact location, and that the SST anomalies in the In-
donesian region affect the rainfall anomalies dispropor-
tionately highly. It is therefore of interest to investigate
these questions in regard to the role and mechanism of
the meridional SST gradient in the east Indian Ocean for
Australian rainfall using AGCM experiments.

Precipitation across Australia has sustained consider-
able trends over the last few decades. Especially prom-
inent is a decline in austral winter rainfall in SWWA
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(IOCI 2002, and references therein) and autumn-winter
rainfall over SEA (Murphy and Timbal 2008, and refer-
ences therein). Both these regions provide a large pro-
portion of Australia’s agricultural production, which
relies heavily on the predominant cool season rainfall.
A sudden decrease in SWWA winter precipitation in the
1970s has been associated with changes in large-scale
mean sea level pressure (Allan and Haylock 1993),
the southern annular mode (SAM; Cai and Cowan 2006;
Hendon et al. 2007), shifts in synoptic systems (Hope
2006; Frederiksen and Frederiksen 2007), land cover
changes (Pitman et al. 2004; Timbal and Arblaster 2006),
anthropogenic forcing (Timbal et al. 2006; Cai and Cowan
2006), and natural multidecadal variability (Cai et al.
2005), with a combination of several factors most likely.
For SEA, the drying has been especially pronounced
over the Murray-Darling Basin, with rainfall reductions
translating to river system inflows for 2001-05 of only
40% of the long-term mean (Murphy and Timbal 2008).
Murphy and Timbal (2008) suggested that large-scale
changes in the SAM and the position of the subtropical
ridge play a role in the reduced number and impact of
rain-bearing systems during autumn for SEA. Cai and
Cowan (2008) linked the decrease in late autumn rainfall
to the less frequent occurrence of La Nifia events since
1950. Ummenhofer et al. (2009a) associated both the re-
cent drought and many of the large historical droughts
over SEA with a conspicuous absence of negative IOD
events. A lack of negative IOD events deprives the region
of its normal rainfall quota. This further suggests some
influence of the long-term Indian Ocean SST changes on
Australian precipitation trends.

With the Indian Ocean exhibiting spatially non-
uniform warming trends, changes in the characteristics
of SST patterns conducive to Australian rainfall might
occur. The observed subsurface cooling in the eastern
tropical Indian Ocean due to a shoaling of the thermo-
cline (Alory et al. 2007) makes this region more sensitive
to the wind-thermocline feedback and therefore pre-
disposes the Indian Ocean to more positive IOD events
(Thara et al. 2008) over recent decades. On longer time
scales, Abram et al. (2008) also found an intensification
of tropical Indian Ocean variability with more intense
and frequent positive IOD events during the twentieth
century. Positive IOD events generally coincide with
below-average winter rainfall across southern and west-
ern regions of Australia (Ashok et al. 2003; Ummenhofer
et al. 2009a). England et al. (2006) suggested that recent
Indian Ocean warming trends across the eastern basin
bias the SST distribution to a pattern that corresponds
to anomalous dry conditions for SWWA. Furthermore,
these nonuniform trends in Indian Ocean surface prop-
erties result in changed meridional SST gradients across
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the eastern Indian Ocean. In light of these changes, and
their projected continuation (Vecchi and Soden 2007),
an improved understanding of the role that meridional
SST gradients play for Australian rainfall on interannual
time scales is desirable. Furthermore, the observed drying
trends across southern regions of Australia have motivated
previous work (e.g., England et al. 2006; Ummenhofer
et al. 2008, and references therein) in an attempt to better
understand the role that Indian Ocean variability plays on
interannual time scales under these exacerbated condi-
tions. We thus complement previous work by investigating
links between winter season rainfall across WA/SEA and
meridional gradients in east Indian Ocean SST.

The remainder of the paper is structured as follows: in
section 2, the climate model, experimental setup, and
datasets are described. The next section describes the
rainfall distribution in the AGCM experiments (section
3a), as well as its dependence on the SST gradient across
the eastern Indian Ocean (section 3b). In section 4 we
explore the mechanisms driving the precipitation pat-
terns by assessing changes to the large-scale atmospheric
circulation in the experiments. Results from the AGCM
experiments are linked to observational evidence in
section 5. Section 6 summarizes the findings.

2. Model and datasets
a. Climate model

The climate model used for the experiments is the
National Center for Atmospheric Research (NCAR)
Community Climate System Model, version 3 (CCSM3;
Collins et al. 2006), run in the atmosphere-only configu-
ration. The atmospheric component of CCSM3, the
Community Atmosphere Model (CAM3), uses a spectral
dynamical core, a T42 horizontal resolution (approxi-
mately 2.8° latitude/longitude), and 26 vertical levels. The
CCSM3 model, its components, and configurations are
described in Collins et al. (2006), and more specifically
the atmospheric component CAM3 by Hurrell et al.
(2006). Several studies assess the model’s performance
and suitability for applications in climate research rele-
vant for the present study, in particular in regard to
the representation of the hydrological cycle (Hack et al.
2006), tropical Pacific climate variability (Deser et al.
2006), variability associated with the El Nifo-Southern
Oscillation (ENSO; Zelle et al. 2005), and monsoon re-
gimes (Meehl et al. 2006). Several biases in the model
have been documented, most notably associated with
tropical Pacific climate (i.e., the intertropical convergence
zone, South Pacific convergence zone; e.g., Zhang and
Wang 2006), and ENSO spatial and temporal variability
(e.g., Deser et al. 2000). These issues and their relevance
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for the Indian Ocean region have been explored by
Ummenhofer et al. (2008, 2009b).

The model reproduces the spatial patterns of Austra-
lian precipitation with wetter coastal regions along the
northern and eastern coastline and a very dry interior,
though the contrast is weaker than in observations
(Ummenhofer et al. 2008). The precipitation regimes
across the continent varying with the seasonal cycle (i.e.,
summer monsoonal rainfall in the north, winter rainfall
in the south) compare very favorably with observations.
For more details see Ummenhofer et al. (2008).

b. Experimental setup

A detailed description of the experimental setup is
given in Ummenhofer et al. (2008, 2009b). The AGCM
experiments are forced by the monthly Hurrell SST cli-
matology (Hurrell et al. 2006, 2008), which is based on
Reynolds SST (Smith and Reynolds 2003, 2004) and
Hadley anomalies (Rayner et al. 2003). A set of 80 en-
semble members, each run for one year starting on
1 January with this SST climatology, represents the con-
trol run (CNTRL). In the perturbation runs, we super-
imposed an SST anomaly pattern across the Indian
Ocean. To account for any long-term variability in the
SST forcing, perturbation runs were started from a vari-
ety of years spanning the control run and integrated from
the start of January for one year. The ensemble included
60 positive and 60 negative 1-yr integrations. The SST
anomalies in the perturbation runs were derived from
composites of observed average monthly SST anomalies
for years defined as being extremely dry or wet over
SWWA by England et al. (2006). The composite SST
anomalies of England et al. (2006) were scaled by a factor
of 3 to account for inherent internal variability in the
atmosphere. As detailed by Ummenhofer et al. (2008),
this scaling does not mean that the SST anomaly pattern
is unrealistic, but makes the anomalies in the perturba-
tion experiments comparable in magnitude to the values
observed in a particular extreme year (e.g., 2006). The full
seasonally evolving SST perturbation pattern employed
in the AGCM experiments here is shown in Fig. 1 of
Ummenhofer et al. (2008). This characteristic pattern
of Indian Ocean SST anomalies first appears around
May, is fully formed by July, and decays in late austral
spring (England et al. 2006; Ummenhofer et al. 2008).
It features components of both a tropical IOD and an
SIOD signal. This pattern closely resembles a dominant
mode of variability in the Indian Ocean (Santoso 2005),
and previous work has explored certain components of
these characteristic SST features in the tropical (e.g., Saji
etal. 1999; Webster et al. 1999) and the subtropical Indian
Ocean (e.g., Behera and Yamagata 2001; Reason 2002),
as well as links between the SST anomalies across the
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eastern Indian Ocean and regional rainfall (Nicholls
1989; Frederiksen and Balgovind 1994; England et al.
2006; Ummenhofer et al. 2008). For the period 1970
2003, the pattern explains about 16% of the overall
observed SST variability across the Indian Ocean and has
a dominant frequency of ~8 yr (Santoso 2005). This is
similar to the recurrence frequency of ~6-7 yr in the
composites described by England et al. (2006) in obser-
vations and a natural-variability (unforced) multicentury
climate model simulation. For comparison, the IOD ex-
plains about 12% of the total observed tropical Indian
Ocean SST variability (Saji et al. 1999).

Additional experiments, detailed below, are also car-
ried out using various regional subsets of the poles evi-
dent in the full pattern of Fig. 1, which shows the average
May-September SST anomalies used in the perturbation
runs for both the dry and wet ensemble set. A set of
60 one-year ensemble runs (with slightly different initial
conditions) is carried out for each of the perturbation
fields applied. The entire anomalous SST pattern shown
in Fig. 1 over the Indian Ocean region is termed P;. To
assess the importance of local SST anomalies (or poles)
in modulating regional rainfall, and to quantify their
separate contributions, perturbation experiments are also
conducted with individual poles or a subset of the poles:
namely P.; with the eastern tropical pole only (centered
at 10°S, 110°E), Py with the subtropical pole only (cen-
tered at 30°S, 95°E), and P.i;¢ with both the eastern
and southern poles. The locations of the poles used in
the different experiments are indicated as dashed boxes
in Fig. 1. To reduce spurious atmospheric circulation set
up by unrealistic gradients at the “edges” of the poles,
smoothing has been applied with a tapering of SST
anomalies over a 10° latitude/longitude range.

¢. Climatological data

Results from the AGCM simulations are compared to
observations. For the period 1970-2005, we use monthly
data for observed Australian precipitation from the
Australian Bureau of Meteorology (Lavery et al. 1997). It
provides high-quality historical precipitation observations
over Australia at 0.5° latitude/longitude resolution. The
SST data are based on the Hadley Centre Sea Ice and SST
dataset (HadISST) product with 1° latitude/longitude res-
olution provided by the Met Office (Rayner et al. 2003).

3. Australian precipitation response

a. Precipitation changes

To assess the effect that the SST anomalies in the differ-
ent experiments have on Australian climate, we present
spatial maps of rainfall anomalies during the austral winter
season (i.e., for the May-September months; Fig. 2),
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FIG. 2. Precipitation anomalies (in mm month™') for the (left) dry and (right) wet cases,
respectively, for (a),(b) Peris1, (¢),(d) Per, and (e),(f) Py, averaged over the May-September
months. The area enclosed by the dashed contours denotes anomalies that are significant at the
90% confidence level as estimated by a two-tailed ¢ test.

when the majority of rainfall occurs across southern
regions of Australia (Drosdowsky 1993a). To determine
the significance of the spatial anomaly fields, a two-
tailed ¢ test is used. This test estimates the statistical
significance at which the anomalies in the perturbed
experiment are distinguishable from the CNTRL at each
grid point. The same technique is applied to all spatial
anomaly fields throughout the study (e.g., Figs. 6-8).

In the AGCM simulations, marked differences in
winter precipitation are seen across the Australian
continent between the dry and wet cases (Fig. 2). In the
dry cases, significantly below-average rainfall is re-
corded over much of WA in both the P.;.¢ and P
experiments (Figs. 2a—d). In contrast, the spatial extent
of anomalous dry (wet) conditions is very much re-
duced when forced by the subtropical pole on its own

(Pgr; Figs. 2e,f). Overall, the subtropical pole on its own
does not seem to affect Australian precipitation in any
significant way, the exception being a slight increase in
the dry Pg; case over SWWA in line with earlier results
by Ummenhofer et al. (2008). For SEA, the rainfall re-
sponse is strengthened, however, when a subtropical
SST anomaly, of opposite sign to the eastern tropical
pole, is also present. We find that the spatial extent and
magnitude of the rainfall anomalies over SEA are en-
hanced in the P, ¢ ensemble set (Figs. 2a,b) relative to
the P, cases (Figs. 2c,d). This result provides a first in-
dication of the importance of the meridional SST gra-
dient across the eastern Indian Ocean for SEA rainfall.

Changes in rainfall distribution across Australia are
further investigated, with a focus on two regions:
Western Australia, delimited by 21°-35°S, 115°-129°E
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FIG. 3. Frequency distribution of annual precipitation spatially averaged across WA (sub-
region indicated in Fig. 1): annual rainfall amount (in mm) for the following experiments: (a) Py,
(b) Peryst, (€) Pep, and (d) Pg. The shaded gray rainfall distribution represents the CNTRL
(normalized to the number of ensemble members in the perturbed cases), while the dry (wet)
perturbed cases are indicated with red (blue) outlines. Significance levels above 80%, as de-
termined by a Mann—Whitney test, are indicated at the top right.

(see box in Fig. 1), and southeast Australia, covering the
area 35°-38°S, 141°-146°E (see box in Fig. 1). The non-
parametric Mann—Whitney rank test (von Storch and
Zwiers 1999) is used to determine the significance level
at which the rainfall frequency distribution in a particu-
lar region (WA and SEA) in the various experiments
differs from the CNTRL.

In the AGCM experiments, the annual mean pre-
cipitation, spatially averaged across WA, is 426 =
56 mm yr~ ' in the CNTRL, while it is 387 + 60 mm yr*
in the dry and 481 = 55 mm yr ' in the wet case when
using the SST anomalies across the entire Indian Ocean
(Fig. 3a). The shifts in precipitation for the perturbed
cases are especially prominent at the upper and lower
end of the distribution. For example, in the CNTRL set
31% of years receive less than 400 mm yr~', while this

occurs for 58% in the dry and only 5% of years in the
wet case. Less than 300 mm yr ' is received for only 1%
of years in the CNTRL, but 5% for the dry case. At the
upper end of the distribution, more than 500 mm yr '
occurs for only 3% of years in the dry case, 10% in the
CNTRL, but 38% in the wet case. In none of the years in
either the CNTRL or dry case is more than 550 mm yr
annual precipitation recorded, while 12% of years in the
wet case receive this amount.

When investigating the other experiments with in-
dividual and combined poles across the eastern Indian
Ocean, we see a similar pattern emerging for the rainfall
distribution. Both the P, and P,y show a comparable
shift in rainfall relative to the CNTRL toward the upper
(lower) end of the distribution for the wet (dry) cases
(Figs. 3b,c). The mean rainfall in the Py, case for the
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FIG. 4. Frequency distribution of precipitation spatially averaged across SEA (subregion in-
dicated in Fig. 1): rainfall amount (in mm) summed over the May-September months for the
following experiments: (a) Py, (b) Pey, (¢) Per, and (d) Pyp. The shaded gray rainfall distribution
represents the CNTRL (normalized to the number of ensemble members in the perturbed cases),
while the dry (wet) perturbed cases are indicated with red (blue) outlines. Significance levels
above 80%, as determined by a Mann—-Whitney test, are indicated at the top right.

dry (394 mm yr—') and wet (478 mm yr ') scenarios is
slightly more extreme than for the P.; case (397 and
463 mm yr~ ', respectively). In contrast, the southern
pole on its own (Py) does not drive a significant shift
in the rainfall distribution across WA (Fig. 3d). These
results indicate that the majority of the precipitation
response over WA in the AGCM experiments can be
attributed to the SST anomalies in the eastern pole.
However, there seems to be an indication that precip-
itation anomalies are enhanced, albeit not significantly,
when an anomaly of the opposite sign is also present
in the subtropical Indian Ocean (i.e., the P,y ¢ case). This
is in agreement with the findings of Frederiksen and
Balgovind (1994) for a wet case scenario.

An investigation of changes in precipitation for SEA
for the May-September months is also undertaken,

when the majority of rainfall is received over the
southeast region. In the AGCM experiments, SEA re-
cords a mean precipitation of 239 * 37 mm integrated
over the May-September months for the CNTRL,
231 £ 42 mm for the dry, and 260 = 35 mm for the wet
case when using the full SST anomaly pattern (Fig. 4a).
Despite the region’s remoteness from the area of the
perturbation, the resulting shifts in the rainfall are sig-
nificant (at the 99% level) for the wet cases. Changes
are especially apparent at the extreme ends of the dis-
tribution: only 2% of wet years receive less than
200 mm of precipitation, while this occurs for 14% of
years in the CNTRL and 27% in the dry case. More than
300 mm is recorded for 17% of the years in the wet case,
but only 4% and 7% in the CNTRL and dry case, re-
spectively.
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In the P, ¢ case, similar shifts in the precipitation are
seen for SEA (Fig. 4b), significant at the 99% level for
both the dry and wet cases. However, when using SST
anomalies in the eastern pole on its own, a significant
change relative to the CNTRL is only seen for the wet
case (Fig. 4c). Our experiments thus suggest that for
SEA precipitation the eastern pole on its own exhibits
less of an impact unless it occurs in conjunction with the
southern pole of opposite sign. In fact, for the wet cases,
the rainfall distribution in Py and P is significantly
different (at the 80% level). As for WA, the southern
pole on its own does not cause a significant rainfall re-
sponse for SEA (Fig. 4d), despite playing an important
role in the net Indian Ocean response. Earlier work by
Frederiksen and Balgovind (1994) raised the possibility
that Australian rainfall is fairly insensitive to the SST
anomalies in the central Indian Ocean relative to the
Indonesian region.

b. Relation to SST gradients

As suggested in previous work (e.g., Nicholls 1989;
Frederiksen and Balgovind 1994; Ummenhofer et al.
2008), precipitation across southern and western regions
of Australia seems to be modulated by the meridional
gradient in SST across the eastern Indian Ocean. We
explore this further for the May-September months
in the AGCM experiments, which include a range of
eastern Indian Ocean SST gradients. The gradient is
taken as the difference between spatially averaged SST
anomalies across the P, location minus SST anomalies
at Py (see dashed boxes in Fig. 1). In Fig. 5, the rainfall
anomalies in the AGCM ensembles for WA and SEA
are shown as a function of the SST gradient that exists
in the various experiments. For WA precipitation, an
overall trend pattern is apparent, with negative (posi-
tive) SST gradients coinciding with drier (wetter) con-
ditions (Fig. 5a). The P, experiments have an SST
gradient of *=0.25°C. This translates to a significant
change in precipitation relative to the CNTRL, with
a median anomaly of —2.1 and +2.7 mm month ' for
the dry and wet cases, respectively. In both cases, ap-
proximately 75% of the rainfall anomalies across the
ensemble members lie below/above zero, respectively.

For the Py case, the SST gradient is of a similar mag-
nitude to that in P, but no significant shift in the rainfall
distribution is found. This is most likely a result of
reduced air-sea coupling in the extratropics, relative to
the eastern tropical pole. This lack of a significant rainfall
response over Australia is in line with earlier work that
suggested that the central Indian SST anomalies are of
minor importance (Frederiksen and Balgovind 1994).
However, the importance of SST anomalies in the mid-
latitudes should not be underestimated. When employing
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middle bar denoting the median rainfall. Horizontal dashed lines
indicate the 90% confidence level (as estimated by Monte Carlo
testing) for the medians for the different categories (indicated in
color).
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FIG. 6. Thickness anomalies (in m) for 1000-500 hPa for the (left) dry and (right) wet cases, re-
spectively, for (a),(b) Per+g1, (¢),(d) Per, and (e),(f) Py, averaged over the May-September months. The
area enclosed by the dashed contours denotes anomalies that are significant at the 90% confidence level

as estimated by a two-tailed ¢ test.

SST anomalies there in conjunction with the tropical
pole, an enhancement of the precipitation response over
Australia is apparent (cf. Fig. 2). The experiments
with the most extreme SST gradients (i.e., Peisy With
a gradient of —0.4° and +0.6°C for the dry and wet cases,
respectively) show the largest rainfall anomalies of all
experiments (Fig. 5a). The median rainfall is —2.9 and
+2.3 mm month ™!, respectively, which is significantly
different from the CNTRL at the 90% confidence level.
The changes in precipitation in relation to the SST gradi-
ent become more apparent at the extremes of the distri-
bution. The maximum (minimum) precipitation anomaly
reached in the wet case of P, is +16.4 mm month ™!
(—6.1 mm month '), while the dry case records +11.1
mm month ' (—10.3 mm month'). This also highlights
an asymmetry between the dry and wet experiments, with
the range of maximum to minimum anomalies in the dry
cases generally smaller than that in the wet case. The wet

ensemble set shows a disproportionate gain of members at
the upper end of the distribution, also reflected in changes
in the skewness of the precipitation anomalies. This is in
agreement with earlier AGCM studies that showed that
the atmospheric response is more sensitive to warm than
cold SST anomalies (e.g., Reason 2002; Ummenhofer
et al. 2008, 2009b).

When assessing the SEA rainfall anomalies in relation
to the SST gradient across the eastern Indian Ocean
(Fig. 5b), we find similar patterns to WA precipitation.
Anomalous dry (wet) conditions over SEA dominate
across the ensemble members in the experiments with
a negative (positive) SST gradient, with the rainfall
anomaly being proportional to the magnitude of the
SST gradient. As for WA, the Py case does not show
a significant response for the dry simulation, despite
a comparable SST gradient to the P.; case. For the
P, wet case, a marginally significant median negative



5606

JOURNAL OF CLIMATE

VOLUME 22

(a) Dl'y PeI+sI MaY'Sep
30N 30
0 0
308 30S
60S 60S
30E 60E 90E 120E 150E 180 30E 60E 90E 120E 150E 180
(c) Dry Py May-Sep (d) Wet P, May-Sep
30N 5t 30
0 -0
s 4 WS - 308
608 T T T T T 608
30E 60E 90E 120E 150E 180 30E 60E 90E 120E 150E 180

FIG. 7. Wind anomalies (in m s~ ') at the 500-hPa level for the (left) dry and (right) wet cases, re-
spectively, for (a),(b) Per+g1, and (c),(d) Py, averaged over the May—September months. Black vectors
denote anomalies that are significant at the 90% confidence level as estimated by a two-tailed ¢ test.

rainfall anomaly is seen. Apart from this, the rainfall
distribution seems to be broadly linear with respect to
the sign of the gradient. The P..q simulations with
strongly reduced (enhanced) meridional SST gradients
show median rainfall anomalies of —2.5 mm month
(+3.6 mm month ') for the dry (wet) case. These results
again indicate the predominant role of the eastern trop-
ical pole for SEA rainfall in the AGCM simulations.
However, there is also a suggestion that the southern pole
with opposite polarity enhances the rainfall response,
when occurring in conjunction with the eastern pole.

4. Atmospheric circulation changes

To explore the mechanisms responsible for the shifts
in the rainfall distribution recorded for WA and SEA,
we assess May-September anomaly fields of climate
variables in the various experiments (Figs. 6-8).

The atmospheric response to the underlying SST
perturbation is apparent in the thickness anomaly (1000—
500 hPa) fields for the different experiments (Fig. 6). Due
to ocean—atmosphere thermal coupling in the lower
troposphere, thickness anomalies develop over the po-
sition of, and with the same sign as, the underlying SST
anomalies. In particular, in the dry (wet) P.jiq case,
negative (positive) thickness anomalies occur over the
cold (warm) eastern pole, while anomalies of the op-
posite sign are seen over the warm (cold) pole in the

subtropical Indian Ocean (Figs. 6a,b). The atmospheric
anomalies extend eastward onto the adjacent Australian
continent, especially in the wet case. The anomalous
pattern represents a reduction (increase) in the meridi-
onal thickness gradient across the eastern Indian Ocean,
consistent with a dampening (intensification) of the
seasonal cycle (Ummenhofer et al. 2008). In the P case,
anomalous cold (warm) SST leads to negative (positive)
thickness anomalies on the order of =10 m over the
eastern Indian Ocean, extending over the northwest
(northern half) of Australia in the dry (wet) case (Figs.
6¢,d). For Py, no significant thickness anomalies occur in
the dry case, while moderate negative anomalies up to
—3 m appear to the southwest of Australia in the wet
simulations (Figs. 6e.,f). The majority of the response in
the thickness anomalies in the P.;.¢ cases seems to be
due to forcing by the tropical eastern pole. However, the
southern pole acts to reinforce the thickness gradient
anomaly, especially for the wet case. Overall, the extent of
the thickness anomalies over Australia is larger in the wet
than the dry cases. This is in line with the disproportion-
ately larger shifts recorded in the rainfall distribution in
the former. The thickness anomalies with an enhanced
meridional gradient across Australia in the wet P, and
P.1 cases are similar to those described during negative
IOD events co-occurring with La Nifa by Risbey et al.
(2009). As described earlier, the location of the eastern
pole here approximates the eastern region used by Saji
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FIG. 8. Eady growth rate anomalies (in day ') for the (left) dry and (right) wet cases, respectively, for
(a),(b) Per+s1, and (c),(d) Py, averaged over the May—September months. The area enclosed by the
dashed contours denotes anomalies that are significant at the 90% confidence level as estimated by a two-

tailed ¢ test.

et al. (1999) to define the IOD index. From the experi-
ments conducted here, and the apparent dominant role of
the eastern pole, it might be hypothesized that the oc-
currence of the negative IOD event is a major driver in the
formation of the thickness anomaly described by Risbey
et al. (2009). Consequently, the same would then in turn
apply for the coincident anomalous wet conditions over
southern regions of Australia (Ummenhofer et al. 2009a).

The changes in the meridional thickness gradient
induce anomalies in the thermal wind, shown for the
500-hPa level in Fig. 7 for the different experiments. As
the Py cases do not show significant anomalies, for the
remainder of the study we only present the Py and Pey
cases. Significant wind anomalies for the dry P, case
are limited to the tropics (Fig. 7a). In contrast, the wet
simulation shows enhanced westerly flow over Australia
south of 20°S, while anomalous easterly flow occurs
across the northern tip of Australia and the eastern
tropical Indian Ocean (Fig. 7b). Very similar circulation
patterns are seen for the P cases (Figs. 7c,d). The wind
anomalies in the wet cases (Figs. 7b,d) are indicative of
an enhanced onshore moisture flux in the seasonally
strengthening westerly jet, consistent with the significant
increases in rainfall over WA and SEA (Figs. 2-4).
Circulation anomalies in the lower atmosphere at the
850-hPa level (figure not shown) depict qualitatively
similar results. For the wet P, ¢ case, the wind anoma-
lies at 850 hPa closely resemble enhanced moisture flux

anomalies toward SEA during negative IOD years
(Ummenhofer et al. 2009a). Similarly, in their wet case
AGCM simulations, Frederiksen and Balgovind (1994)
found increased cross-equatorial flow and a strong baro-
clinic zone across Australia, transporting warm humid air
poleward, thus accounting for the anomalous wet condi-
tions. In observations for the cool season, Risbey et al.
(2009) associated wet conditions across southern regions
of Australia with an equatorward shift of the zonal west-
erlies and enhanced frontal rainfall.

As a further diagnostic to explore the modeled pre-
cipitation changes, we present anomalies in the Eady
growth rate (Fig. 8). This provides an indication of baro-
clinic instabilities in the atmosphere and uses the vertical
gradient in horizontal wind speed and the Brunt—Vaiiséla
frequency as a measure of static stability (Paciorek et al.
2002). Risbey et al. (2009) described a pronounced
maximum in the Eady growth rate over southeastern
Australia during negative IOD years, contributing to the
anomalous wet conditions seen over the region during
these years (Ummenhofer et al. 2009a). In the dry simu-
lations, significant anomalies are limited to the tropics,
with enhanced instabilities developing over the location
of the eastern pole for the P, ¢ and P, cases (Figs. 8a,c).
The wet cases show extensive positive (negative) Eady
growth rate anomalies over the southern (northern) half
of Australia and across the eastern Indian Ocean (Figs.
8b,d). The increase in baroclinic instabilities over
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TABLE 1. Summary of the statistical relationship between
observed SST anomalies at the location of the poles (see boxes in
Fig. 1) and precipitation for WA and SEA for the May-September
months, using available climatologies (HadISST and Bureau of
Meteorology data for rainfall) for the period 1970-2005. Correla-
tion coefficients significant at the 90% level are highlighted in
boldface.

Region Experiment Correlation coefficient P value
WA P 0.47 0.004
Py 0.28 0.097
P — Py 0.47 0.004
SEA Poy 0.43 0.009
Py 0.09 0.596
P — Py 0.32 0.058

southern regions of Australia, including WA and SEA,
could thus account for the enhanced rainfall seen there
for the wet P.j.s; and P, cases. Over southern regions of
Australia, Frederiksen and Frederiksen (1996) described
similarly enhanced baroclinicity and a northward shift of
storm-track instability modes, coinciding with a strength-
ened meridional SST gradient across the eastern Indian
Ocean, resembling the SST gradient used in the wet ex-
periments here. Under an SST pattern resembling our
wet year experiments, Drosdowsky (1993b) found con-
ditions to be favorable for an amplification of synoptic-
scale disturbances over WA.

5. Observations

The results from the AGCM experiments suggest the
importance of the meridional SST gradient across the
eastern Indian Ocean in modulating regional Australian
rainfall. It is thus of interest to compare the model re-
sults with observations. Table 1 details the relationship
between SST anomalies in the various eastern Indian
Ocean regions (P, Py, and their difference) and pre-
cipitation anomalies observed for WA and SEA for the
May-September months during the period 1970-2005.
We find a significant positive relationship between SST
anomalies in the P, and precipitation across WA and
SEA at the 95% and 90% confidence levels, re-
spectively. In contrast, the negative correlation between
precipitation in both regions and SST in the central
subtropical Indian Ocean (Pg) is not significant at
the 90% level. When combining anomalies in the two
poles thereby giving the SST gradient across the eastern
Indian Ocean (P, ), the relationship to rainfall in WA
remains robust, while being slightly reduced for SEA
(Table 1). This “test” of the relationship between ob-
served precipitation and eastern Indian Ocean SST
anomalies is by no means conclusive, with only ap-
proximately 30 yr of reliable Indian Ocean SST data
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for the postsatellite era. However, it provides evidence
that the relationships explored in the model in this study
match the observations. This is in line with other obser-
vational evidence (e.g., Drosdowsky 1993b; Frederiksen
and Balgovind 1994).

Significant changes in Indian Ocean surface properties
have been observed over the past few decades (e.g.,
Alory et al. 2007; Abram et al. 2008; Ihara et al. 2008).
An intensification of IOD events (Abram et al. 2008) and
unequal warming of the Indian Ocean over recent de-
cades (Thara et al. 2008) predispose the Indian Ocean to
more positive IOD events. Alory et al. (2007) described
subsurface cooling in the tropical eastern Indian Ocean
and warming in the subtropics centered around 40°S.
These recent trends in Indian Ocean properties repre-
sent a general tendency toward a reduced meridional
SST gradient across the eastern Indian Ocean, which we
have shown here to be associated with drier conditions
across western and southern regions of Australia. Simi-
larly for SWWA, England et al. (2006) found Indian
Ocean SST to trend toward the pattern linked to below-
average rainfall over the region.

6. Summary and conclusions

In this study, we have explored the role of meridional
SST gradients in the eastern Indian Ocean in modu-
lating Australian precipitation. In ensemble AGCM
simulations, we quantitatively assessed the Australian
rainfall response to the sign and magnitude of the me-
ridional SST gradients between characteristic poles of
enhanced variability. The study focused on the cool
season rainfall response over Western Australia (WA)
and southeastern Australia (SEA), two regions that
have sustained significant precipitation decreases over
recent decades. In general, a linear relationship is found
between the sign of these meridional SST gradients and
WA and SEA rainfall. An enhanced (reduced) SST
gradient induces an increase (decrease) in the meridi-
onal atmospheric thickness gradient. This leads to an
anomalous easterly (westerly) thermal wind response
across Australia, accounting for the drier (wetter)
conditions in the simulations (Ummenhofer et al. 2008).
The response to the enhanced meridional SST gradient
leading to the anomalously wet conditions is particu-
larly prominent at the upper end of the precipitation
frequency distribution. SEA rainfall responds more
strongly to the forcing that brings about wet conditions
compared to those associated with dry conditions, while
the response for WA shows greater symmetry. Based on
observations, Drosdowsky (1993b) found similar results
for composites of wet years relative to dry years. He
suggested this was due to a weaker feedback between
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the atmospheric circulation and the SST pattern in the
dry phase, when the SST anomalies acted to reduce the
SST gradient, suppressing development of synoptic-
scale disturbances over the eastern Indian Ocean and
western regions of Australia. Here we also find a dis-
proportionately large response in the wet case, with the
signal from the warm SST anomalies penetrating higher
into the atmosphere, as the more unstable air column
has the ability to mix the anomalies to a greater height.
In contrast, the response from cold underlying SST
anomalies does not extend as high into the atmosphere
(Ummenhofer et al. 2008).

When decomposing the SST anomalies across the
eastern Indian Ocean into their constituent “poles,” we
find that in addition to the sign and magnitude of the
gradient, the location of the forcing has a bearing on the
rainfall response. By examining both Figs. 2 and 4, there
appears to be a broadly linear relationship between the
meridional SST gradient and rainfall for SEA wet cases,
although this is less clear for WA. For WA rainfall,
the eastern tropical pole SST anomalies seem to have
a disproportionately large effect, with subtropical SST
anomalies (of opposite sign) playing a minor role. Our
experiments suggest that for both WA and SEA the
southern subtropical pole on its own does not lead to
a significant rainfall response. The experiments do how-
ever show that the southern pole enhances the rainfall
response over SEA when the eastern pole is active. These
model results broadly support the limited observational
record available for the period 1970-2005 (presatellite
era data are less reliable), and are in line with earlier
observational work on SST gradients across the eastern
Indian Ocean/Indonesian region (e.g., Nicholls 1989;
Drosdowsky 1993b; Frederiksen and Balgovind 1994).
Recent changes in surface Indian Ocean properties (e.g.,
Abram et al. 2008; Thara et al. 2008; Cai et al. 2009)
highlight the need for improved understanding of the
response of interannual rainfall variability to changes
in SST gradients across the region. Furthermore, sus-
tained changes in Indian Ocean SST could have profound
implications for long-term rainfall trends over southern
Australia.
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