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atmosphere-land models to the ERA-40 reanalysis. Perturbed
atmospheric initial conditions are obtained by taking the
nudged analysis from earlier and later 3 hour periods around
the first of each month.

The POAMA system exhibits high skill (anomaly correlation
exceeding 0.7) for predicting heat content anomaly throughout
the equatorial central and east Pacific at lead times beyond 6
months (not shown), which is reflective of the ability of the
POAMA system to predict ENSO. High skill is also evident off
of the equator in the far west Pacific (presumably associated
with the slow westward propagating Rossby waves generated
during ENSO) and on the northwest shelf of Australia. This
high skill on the northwest shelf reflects the ability to predict
the oceanic teleconnection of ENSO from the Pacific, through
the Indonesian throughflow. This is demonstrated in Figure
2b, which shows the correlation of the observed HCNW
with the predicted heat content over the tropical Pacific and
Indian Oceans at a 6 month lead time. The resemblance with
the observed heat content anomaly that is associated with
Fremantle sea level variation (Figure 2a) is outstanding.

Skill of predicting HCNW and the Nifio4 SST index is
summarized in Figure 4. Except at short lead time, the skill is
essentially identical for both Nifio4 and HCNW. The anomaly
correlation for both remains high (>0.75) to 9 month lead time
and readily beats persistence. In light of the tight coupling
between HCNW and FLSA, skilful seasonal prediction of the
Leeuwin Current appears to be as feasible as prediction of
ENSO.

Concluding Remarks

This study is part of an ongoing investigation into seasonal
predictability of the marine environment of Western Australia.
Future work will include downscaling of the dynamical model
predictions of heat content to direct prediction of Leeuwin
Current strength, evaluation of the value added by prediction
of heat content on the northwest shelf over that of simply
predicting ENSO in the Pacific, and investigation of the role
of coupled processes in the Indian Ocean for contributing to
variability and predictability of the Leeuwin Current.
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Introduction

On seasonal to interannual timescales, it is generally assumed
that the ocean’s role in modulating mid-latitude precipitation
is minor relative to internal atmospheric variability. This is in
contrast to the well-established view that air-sea coupling is
of paramount importance in the tropics. In this study, we use
atmospheric general circulation model (AGCM) simulations to
assess the way in which Indian Ocean SST anomalies modulate
mid-latitude precipitation across western regions of Australia.
Our study represents an extension of previous work by England

et al. (2006) who find that, in the observed record, extremes in
southwest Western Australia (SWWA) rainfall are associated
with characteristic SST patterns and changes in the large-scale
atmospheric circulation across the Indian Ocean. Here, we
show that these SST composite patterns can significantly affect
SWWA and Western Australia precipitation in ensemble sets
of AGCM simulations. We also propose a mechanism for the
observed rainfall shifts due to changes in the large-scale general
circulation (Ummenhofer et al., 2007).
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Model and experimental setup

A set of ensemble experiments is conducted with the NCAR
Community System Model, version 3 (CCSM3; Collins et
al., 2006), run in uncoupled atmosphere-only mode. The
atmospheric component of CCSM3, the Community Atmosphere
Model (CAM3; Hurrell et al., 2006) uses a spectral dynamical
core, T42 horizontal resolution (~2.8° latitude /longitude), and
26 vertical levels. Ummenhofer et al. (2007) assess the model’s
performance over the Indian Ocean and Australian region on
seasonal to interannual timescales and demonstrate the model’s
suitability for the present study.

An 80-year integration forced by a 12-month SST climatology
(Hurrell etal., 2006) represents the control experiment (CNTRL).
Two sets of perturbation experiments are carried out where
anomalous SST patterns are superimposed onto the climatology.
These perturbations are derived from composites of observed
average monthly SST anomalies for years defined as being
anomalously dry/wet over SWWA (30°-35°S, 115°-120°E) by
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Figure 1. Frequency distribution of (a, b) total rainfall spatially
averaged across WA; (c, d) large-scale and (e, f) convective rainfall
spatially averaged across SWWA; cumulative rainfall amount (in
mm) summed over the months indicated for PDRY (left) and PWET
(right) cases. The shaded gray rainfall distribution represents the
CNTRL (normalized to the number of ensemble members in PDRY/
PWET), while PDRY and PWET are indicated with black outlines.
The following significance levels hold, as determined by a Mann-
Whitney test: (a) 99%, (b) 99%, (c) 99%, (d) 95%, (e) 99%. (adapted
from Ummenhofer et al., 2007).
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England et al. (2006), i.e. exceeding +1 standard deviation
in their rainfall time-series. The resulting monthly-varying
SST anomalies are scaled by a factor of three in an attempt
to excite a clearer atmospheric response from the inherently
noisy atmosphere. Despite this scaling the applied magnitude
of SST perturbations is not unrealistic, with certain years
showing similar SST anomaly magnitudes (for further details
see Ummenhofer et al., 2007). All of the “dry-year” (PDRY) and
“wet-year” (PWET) perturbation runs start from early January
from a variety of years spanning the control run. The ensemble
sets consist of 60 one-year integrations for each of the PDRY
and PWET scenarios.

Rainfall shifts

The impact of the modified SST is assessed for precipitation
across western regions of Australia. Fig. 1 shows the rainfall
frequency distribution across the ensemble members in
PDRY and PWET relative to the CNTRL. The total annual
precipitation is spatially averaged over the region of Western
Australia (WA; 21°-35°S, 115°-130°E). This area excludes the
tropical north of the state dominated by monsoonal rainfall
and integrates across coastal regions with predominant winter
rainfall and dry regions farther inland with a more uniform
annual rainfall distribution. The model results indicate a shift
in the distribution towards lower (higher) rainfall amounts
in the PDRY (PWET) case relative to the CNTRL (Fig. 1a, b;
significant at the 99% confidence level).

The model distinguishes between large-scale and convective
components of precipitation, providing a first insight into
the likely causes for the simulated rainfall shifts. Over WA,
these components reinforce each other and are of opposite
sign for PDRY and PWET (Fig. 1a, b). This contrasts with the
rainfall breakdown for the smaller area of SWWA (30°-35°S,
115°-120°E), where the two components are not necessarily
of the same sign. As a result, large-scale and convective
components are presented separately over the predominant
SWWA rainfall season May-September (Fig. 1c-f). The large-
scale rainfall distribution is shifted towards low (high) rainfall
amounts for PDRY (PWET) relative to the CNTRL (Fig. 1¢c, d). A
disproportionate decrease (increase) in the number of ensemble
members receiving in excess of 100 mm (summed for May-
September) is observed for PDRY (PWET). Only 5% of winters
(May-September) in the PDRY case receive >100 mm, while this
occurs in 13% of winters in the CNTRL and 22% in the PWET
case. The frequency distribution for convective precipitation
over SWWA shows less consistent shifts (Fig. 1e, f). Significantly
more ensemble members receive high convective precipitation
for PDRY relative to the CNTRL, while no significant change
is recorded for PWET.

Atmospheric dynamics

To understand the mechanisms responsible for the observed
shifts in precipitation, we investigate changes in the atmospheric
general circulation induced by the SST perturbations. We focus
on the May-September period, as most of the SWWA rain falls
during these months (~70% of annual total) and the anomalies
of various atmospheric variables are particularly strong during
the winter season (Ummenhofer et al., 2007).

The SST anomalies during dry / wet years form a characteristic
dipole pattern which is distinct in location and temporal
evolution from previous definitions of dipoles in the Indian
Ocean (e.g., Saji et al., 1999; Behera and Yamagata, 2001). A
pole of cold (warm) SST anomalies develops in the eastern
Indian Ocean over the northwest shelf of Australia (named
P1) at the same time as warm (cold) anomalies form in the
central subtropical Indian Ocean (named P2) for PDRY (PWET),
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reaching maximum magnitudes in late winter / early spring (Fig.
2a, b). Atmospheric thickness anomalies (1000-500 hPa) of the
same sign and position as the underlying SST anomalies at P1
and P2 develop in the perturbation experiments, intensifying
towards late winter and extending across southern regions of
Australia (Fig. 2¢, d). This leads to a weakening (intensification)
of the meridional thickness gradient and the subtropical jet
during the winter in PDRY (PWET), with a coincident easterly
(westerly) anomaly in the thermal wind over southern regions
of Australia. The offshore (onshore) wind anomalies over
SWWA (Fig. 2e, f) thus contribute to the reduction (increase)
in large-scale rainfall. In observations, Ansell et al. (2000)
similarly associate variations (and trends) in SWWA rainfall
with modulations in the subtropical high pressure belt and a
shift of the circumpolar trough. However in their study, links
with Indian and Pacific Ocean SST are weak compared to the
variability of the large-scale atmospheric circulation, while we
demonstrate that the reorganization in the general atmospheric
circulation can arise as a result of the changed SST fields over
the Indian Ocean.

A measure of the baroclinic stability in the atmosphere,
and hence its disposition towards developing rain-bearing
low pressure systems, is provided by the Eady growth
rate. A reduction (increase) in the Eady growth rate (Fig.
2g, h) indicates a lower (higher) formation rate of baroclinic
instabilities over southern and western regions of Australia
during PDRY (PWET), consistent with the large-scale rainfall
changes. Hope et al. (2006) also link trends in baroclinicity
and reduced frequency of passing troughs across the region
with the observed rainfall decrease over SWWA. Here, we
demonstrate that such changes can be driven by anomalous
SST patterns over the Indian Ocean. The vertical thermal
structure overlying warm SST anomalies at P2 in the central
subtropical Indian Ocean in PDRY favors localized increases in
convective activity, as seen in the increase in convective rainfall
over SWWA and the reduction in large-scale rainfall. The
asymmetry in convective rainfall response does not manifest
itself in the rainfall distribution for WA, most likely due to
the fact that with increasing distance inland, the impact of the
warm SST at P2 giving rise to localized convective upward
motion and enhanced convective rainfall in SWWA during
PDRY is averaged away. On the other hand, both the circulation
and thermal anomalies in PWET enhance widespread ascent
of moist air masses associated with frontal movement, as
evidenced by increases in large-scale precipitation in that
ensemble set for both the SWWA and WA regions.

In summary, we have demonstrated that the Indian Ocean
SST anomalies associated with dry/wet years over WA can
themselves force significant anomalies in rainfall over the
region. The SST anomaly fields involve both tropical and
subtropical perturbations, combining to drive changes in
atmospheric thickness, thermal winds, baroclinicity, and
moisture advection onto the Western Australian coast. Future
work will assess the relative roles of the tropical and subtropical
SST anomalies in driving these rainfall changes and the lead
times of predictability that may be involved.
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Figure 2. (a, b) SST perturbation (in °C), (c, d) thickness anomalies
(in m for 1000-500 hPa), (e, f) wind anomalies at 500 hPa (in m s),
and (g, h) anomalies in Eady growth rate (in day™) averaged over
the May-September period for the PDRY (left) and PWET (right)
case, relative to the CNTRL. Dashed lines in (c, d, g, h) and black
arrows in (e, f) indicate significant anomalies at the 90% confidence
level as estimated by a two-tailed t-test. (adapted from Ummenhofer
et al., 2007).



