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ABSTRACT

Abstract

This PhD thesis investigates the relative importance of oceanic and atmospheric
influences on extremes, long-term trends, and seasonal to interannual variability
of precipitation for different regions in the Southern Hemisphere in observations,
reanalysis data, and output from general circulation models (GCM).

Examination of interannual rainfall extremes over southwest Western Australia
(SWWA) reveals a characteristic dipole pattern of Indian Ocean sea surface tem-
perature anomalies (SSTA). This coincides with a large-scale reorganization of the
wind field over the tropical /subtropical Indian Ocean changing SSTA, via anoma-
lous Ekman transport in the tropical Indian Ocean and via anomalous air-sea heat
fluxes in the subtropics, and altering moisture advection onto SWWA. The poten-
tial impact of these Indian Ocean SSTA in driving modulations of mid-latitude
precipitation across southern and western regions of Australia is assessed in atmo-
spheric GCM simulations. The SSTA give rise to changes in the thermal properties
of the atmosphere, meridional thickness gradient, subtropical jet, thermal wind,
and baroclinicity over southern regions of Australia, thus modulating precipitation.
In addition, links between anomalous wet conditions over East Africa and these
characteristic Indian Ocean SSTA are explored during the “short rain” season in
October—November.

Interannual extremes in New Zealand rainfall and their modulation by modes
of Southern Hemisphere climate variability, namely the Southern Annular Mode
(SAM) and El Nifio-Southern Oscillation (ENSO), are investigated. Late twentieth
Century trends in New Zealand precipitation are examined for the period 1979-
2006 to quantify the relative impact of recent changes in the large-scale atmospheric
circulation related to the SAM and ENSO. Increasingly drier conditions over much
of New Zealand can be partially explained by the SAM and ENSO.

Cool season rainfall variability in southeastern Australia is investigated via a
classification and characterization of the predominant types of synoptic systems
occurring in the region, focusing on frontal and cutoff low systems. Two definitions
of the autumn break developed for northwestern Victoria are employed to produce
a synoptic climatology of the break phenomenon. Trends in characteristics of the
autumn break indicate that the most recent drought in southeastern Australia is

comparable in severity with the two major droughts in the twentieth Century.
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Chapter 1

Introduction

1.1. Motivation
The recent report by the Intergovernmental Panel on Climate Change (IPCC) de-

scribes the evidence for global warming as “unequivocal”, and anthropogenic green-
house gases as very likely cause for the observed temperature rise (IPCC, 2007).
With a wide range of changes in the climate system already observed and many
more projected for the future, impacts will be experienced all over the world. This
has far-reaching implications for individuals and societies in general. A thorough
understanding of “natural” unforced variability in the climate system is therefore
essential, against which future climate change can be assessed. This is especially
important for changes to the hydrological cycle. The livelihoods of millions of people
are threatened by insecure access to drinking water. Water resources are already
highly strained in many places due to an uneven water distribution in both time and
space (Oki and Kanae, 2006), and future changes to the distribution of freshwater
resources remain poorly understood.

Changes in the large-scale atmospheric circulation in the extratropics of the South-
ern Hemisphere over recent decades have been widely documented (e.g., Thompson
and Solomon, 2002; Fyfe, 2003; Gillett and Thompson, 2003; Marshall et al., 2004;
Renwick, 2004). Foremost there has been a positive trend in the leading mode
of Southern Hemisphere climate variability, the Southern Annular Mode (SAM,;
Thompson and Wallace, 2000; Thompson et al., 2000), projected to continue over
the 21st Century (e.g., Fyfe et al., 1999; Kushner et al., 2001; Arblaster and Meehl,
2006). It is therefore of interest to investigate the effect of this leading mode of
variability on regional precipitation variability and trends over the Southern Hemi-
sphere. This is one of the goals of the present study.

Recent findings suggest that the oceans in the extratropics can influence the

overlying atmosphere beyond the marine boundary layer, and thus modulate the
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large-scale atmospheric circulation (Kushnir et al., 2002, and references therein). In
this study, regional precipitation variability in three regions with different climatic
signatures is explored with the aim of understanding the atmospheric mechanisms
at play. In addition, I will assess the role of tropical and extratropical Indian Ocean
sea surface temperature (SST) in modulating these regional variations. A better
understanding of the factors involved in influencing regional rainfall variability could
aid in improving seasonal forecasting.

1.2. Characteristics of Southern Hemisphere climate

1.2.1. Mean state

The major driver of the atmospheric circulation is the differential solar heating
in the tropical and polar regions, i.e. a net heat gain in the tropics and a net heat
loss at high latitudes. The meridional gradient in solar heating is clearly seen in
the distribution of SST averaged over the period 1979-2001 (Fig. 1.1a, b). The dif-
ference in heating between the low and high latitudes is balanced by the poleward
transport of energy in the oceans and the atmosphere. The exact distribution of the
general atmospheric circulation is influenced by the Earth’s rotation, and the need
to globally conserve mass, angular momentum, moisture, and total energy (Karoly
et al., 1998). Compared to the Northern Hemisphere, the greater proportion of
surface area covered by the ocean in the Southern Hemisphere results in a lower
amplitude of the seasonal cycle. In addition, the band of circumpolar ocean unin-
terrupted by land masses in the Southern Hemisphere allows very strong zonal flow
to develop. Thus, the atmospheric circulation, and coincidentally the storm tracks
and the passage of weather systems in the Southern Hemisphere, is more zonally
symmetric than its northern counterpart (Karoly et al., 1998). This can be clearly
seen in the sea level pressure (SLP) distribution shown as a long-term average for
the period 1979-2001 in Fig. 1.1c, d. Clearly discernible is the belt of high pressure
regions in the subtropics centered at 30°S, strengthened during austral winter. The
circumpolar low pressure trough south of 60°S also intensifies during austral win-
ter, enhancing the meridional pressure gradient during this season. The pattern of
surface winds is dominated by the strong circumpolar zonal westerlies centered at
50°S (Fig. 1.1e, f). The seasonal strengthening of the subtropical jet is seen during
austral winter over the southern Indian Ocean, with increased westerly airflow over
southern regions of Australia (Fig. 1.1f). Also apparent is the seasonal reversal of
the surface wind field over the equatorial Indian Ocean, with northeasterly trade
winds north of the equator during austral summer changing to westerly flow during

austral winter. This is indicative of the monsoon circulation over the tropical Indian
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Ocean.
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Figure 1.1. Mean fields of (a, b) SST (in °C), (¢, d) SLP (in mb), and (e, f)
surface winds (in m south of 30°N for the DJF (left) and JJA (right) seasons,
averaged over the period 1979-2001 (data is based on European Centre for
Mid-Range Weather Forecasting 40-year Re-analysis; for a detailed description see
Section 3.3 and Uppala et ah, 2005).

1.2.2. Modes of variability

Globally, the El Nino-Southern Oscillation (ENSO) represents the leading mode
of climate variability with far-reaching environmental and socio-economic impacts
all over the world (McPhaden et a/., 2006). Several studies review the present
understanding of this strongly coupled ocean-atmosphere phenomenon (e.g., Wang
and Picaut, 2004; McPhaden et a/., 2006, and references therein). During an ENSO
event, positive ocean-atmosphere feedback, the so-called Bjerknes feedback after
Bjerknes (1969), leads to increasingly warm SST anomalies in the eastern and central
equatorial Pacific Ocean (Wang and Picaut, 2004). This is caused by a weakening
of the equatorial trade winds due to increases (decreases) in pressure in the western
(eastern) Pacific, a resultant deepening of the thermocline and reduced upwelling
in the eastern Pacific, with the atmospheric and oceanic anomalies reinforcing each

other. The propagation of these anomalies as equatorial waves together with the
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Bjerknes feedback determines the intensity and duration of a particular El Nifio
event (McPhaden et al., 2006). The exact nature of the mechanism leading to the
onset of an El Nifio event is still under debate: either a stable mode triggered by
stochastic forcing or a naturally oscillating mode that is self-sustained (Wang and
Picaut, 2004). Long persistence and increased predictability of the surface ocean
properties during an El Nifio event are due to the upwelling linking slow internal
ocean dynamics — such as Rossby and Kelvin waves modulating the thermocline -
with SST (Meyers et al., 2007).

In the Indian Ocean, the complementary coupled ocean-atmosphere phenomenon
to the Pacific’s ENSO is the Indian Ocean Dipole (IOD), also called the Indian Ocean
zonal mode. Webster et al. (1999) describe the IOD as a phenomenon primarily due
to internal Indian Ocean dynamics, largely independent of external influences, with
a characteristic signal in SST, sea surface height, surface winds, and precipitation
across the Indian Ocean region. During positive IOD events, anomalously cold
(warm) SST occur off Sumatra in the eastern Indian Ocean (in the equatorial west-
ern Indian Ocean), with coincident easterly wind anomalies across the tropics. This
pattern of SST only accounts for about 12% of the interannual variability in the
Indian Ocean (Saji et al., 1999). This basin-scale pattern of anomalous surface and
subsurface ocean temperature peaks during the September—October season (Meyers
et al., 2007). Li et al. (2003) suggest the phase-locking is due to a seasonally depen-
dent thermodynamic air-sea feedback off Sumatra. In the equatorial Indian Ocean,
the deep thermocline and strong negative cloud-SST feedback provide the condi-
tions for a damped oscillator mechanism that determines this thermodynamically
coupled atmosphere-ocean mode (Li et al., 2003). Yamagata et al. (2004) further
summarize the present understanding of the dynamics of the IOD.

The I0D’s dependence/independence of ENSO is still very much a topic of re-
search and debate (Meyers et al., 2007). For the period 1876-1999, Meyers et al.
(2007) classify each year as a positive/negative ENSO/IOD year. During the initial
formation phase, the eastern pole of the IOD is especially sensitive to ENSO’s in-
fluence on the background state of the equatorial Indian Ocean climate, such as the
depth of the thermocline and the strength of the upwelling-favorable surface winds
(Feng and Meyers, 2003; Wijffels and Meyers, 2004; Meyers et al., 2007; Nagura
and Konda, 2007). Meehl et al. (2003) examine coupled ocean-atmosphere pro-
cesses between the tropical Pacific and Indian Oceans linked to the tropospheric
biennial oscillation (TBO). Coupled ocean-atmosphere dynamics between the two
basins and cross-equatorial heat transport lead to variations in Indian Ocean heat
content, which are linked to variability in the large-scale Asian-Australian monsoon
system (Loschnigg et al., 2003; Meehl et al., 2003). As the large-scale zonal Walker



CH. 1 1.2. SOUTHERN HEMISPHERE CLIMATE

circulation forms an integral part of the TBO, Meehl et al. (2003) propose that both
ENSO and IOD events represent large-amplitude excursions of the TBO. With such
a basin-wide reorganization in the ocean-atmosphere system, a suite of studies find
the IOD to modulate precipitation around the Indian Ocean region (e.g., Birkett
et al., 1999; Clark et al., 2003a; Latif et al., 1999; Ashok et al., 2001, 2003a; Black
et al., 2003; Meyers et al., 2007). A goal of this study is to assess the impact of
Indian Ocean variability on precipitation around the basin.

The SAM, also called the Antarctic Oscillation, is the leading mode of atmospheric
variability in the Southern Hemisphere extratropics, characterized by variations
in the strength of the circumpolar vortex (Thompson and Solomon, 2002). The
SAM explains around 47% of the natural variability of zonal-mean geopotential
height for 1000-50 hPa south of 20°S (Thompson and Wallace, 2000). The SAM
represents a zonally symmetric feature with redistribution of mass between the polar
latitudes south of 60°S and the mid-latitudes centered around 45°S, and results in
modulations of opposite sign in the easterly and westerly wind field centered at
35°S and 60°S, respectively. Modulating the strength and position of the westerlies,
the SAM has been implicated in influencing regional climate variability across the
Southern Hemisphere mid-latitudes (e.g., Reason and Roualt, 2005; Cai and Cowan,
2006; Gillett et al., 2006; Hendon et al., 2007; Meneghini et al., 2007).

1.2.3. Atmospheric circulation trends

Over the past few decades, trends in various climate variables have been recorded
over much of the Southern Hemisphere. The oceans play an important role in mod-
ulating the atmospheric circulation, as shown for various coupled ocean-atmosphere
modes in Section 1.2.2. Trends in surface ocean properties can thus have important
implications for the large-scale atmospheric circulation. For the surface oceans, an
overall warming of SST is observed throughout the year around Australia and in
the subtropical gyre in the South Pacific Ocean (Fig. 1.2a, b). Levitus et al. (2000)
describe a net warming of the upper 300 m across all the ocean basins over the
last few decades. In contrast, SST in the latitude band 50°-60°S exhibit increas-
ingly colder temperatures, especially during austral summer. Gille (2002) reports
a slight cooling of the northern regions of the Southern Ocean, while mid-depth
ocean temperatures further south have risen considerably since the 1950s, which
Fyfe (2006) links to human influences. Interpretation of these trends, which are not
uniform spatially or temporally, are hindered by the sparse data coverage, with few
long-term high-quality records over the mid- to high-latitude oceans in the Southern
Hemisphere. Alory et al. (2007) investigate recent observed Indian Ocean tempera-
ture trends and find warming in the subtropics down to 800 m for the latitude band
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40-50° S, which they associate with a southward shift in the subtropical gyre and an
upward-trending SAM. In the tropics, increased vertical stratification and shoaling
of the thermocline leads to subsurface cooling, likely due to a weakening of the Pa-
cific trade winds, with the signal transmitted through the Indonesian Throughfiow

(Alory et al, 2007).
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Figure 1.2. Linear trends in mean fields of (a, b) SST (in °C season"”), (c, d)
SLP (in mb season"”), and (e, f) surface winds (in m season"”) south of 30°N
for the DJF (left) and JJA (right) seasons, averaged over the period 1979-2001
(data is based on European Centre for Mid-Range Weather Forecasting 40-year
Re-analysis; for a detailed description see Section 3.3 and Uppala et al, 2005).

A strengthening of the meridional gradient of both geopotential height and SLP
during the austral summer (shown for SLP in Fig. 1.2c) has been widely documented
(Hines et a/., 2000; Thompson et al, 2000; Marshall, 2002, 2003; Renwick, 2004).
The increase in mid-latitude SLP is centered at 45°S, while SLP has decreased south
of 60°S. Trends in JJA SLP are smaller in magnitude and much less consistent in
their spatial structure. In climate model simulations, Gillett et al. (2003, 2005) show
DJF trends in the high latitude SLP to be consistent with anthropogenic forcing.
Coincident with the DJF SLP trends, an intensification and southward shift of the
zonal winds in the mid-latitude westerlies is observed (Fig. 1.2e, f). The negative

trends in SST underlying the strengthened westerlies (Fig. 1.2a) can be understood
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as an increased northward Ekman transport of cold water equatorward (Hall and
Visbeck, 2002), along with a net increase in ocean-atmosphere heat loss (Sen Gupta
and England, 2006).

These circumpolar changes can largely be understood as a shift towards the high-
index phase of the SAM (Kushner et al., 2001; Thompson and Solomon, 2002; Mar-
shall, 2003; Marshall et al., 2004) and have been related to anthropogenic green-
house warming (Marshall et al., 2004), stratospheric ozone depletion (Thompson
and Solomon, 2002; Gillett and Thompson, 2003), and a combination of both (Ar-
blaster and Meehl, 2006). Transient climate model simulations project these trends
to continue over the 21st Century (e.g., Fyfe et al., 1999; Kushner et al., 2001; Yin,
2005; Arblaster and Meehl, 2006).

In the Southern Hemisphere tropics and subtropics, recent changes to the Hadley
circulation have been recorded. Kobayashi and Maeda (2006) describe a strength-
ening of the southern cell in September and October. In contrast across a suite
of simulations for the IPCC Assessment Report Four (AR4), Lu et al. (2007) find
a consistent weakening and poleward expansion of the Hadley cell, and hence an
expansion of the subtropical dry zone, projected for the 21st Century. With the
upward branch of the Hadley cell formed by the Intertropical Convergence Zone
(ITCZ), changes in the Hadley circulation are likely accompanied by shifts in the
ITCZ.

The zonal tropical circulation, known as the Walker circulation, is closely linked
to ENSO over the Pacific. An increased dominance of El Nifio over recent decades
seems to coincide with a weakening of the Walker circulation (Power and Smith,
2007). This becomes manifest in the weakest equatorial surface wind stress, the
highest tropical Pacific SST and Darwin mean SLP observed on record. In general
circulation model (GCM) simulations, Vecchi et al. (2006) show that weakened
equatorial surface winds alter the thermal structure and circulation of the Pacific
atmosphere and will result in a further weakening of the Walker circulation by
about 10% over the 21st Century. This is consistent with theoretical predictions
for a warming world and agrees with observations of SLP trends since the mid-19th
Century (Vecchi and Soden, 2007).

1.2.4. Global precipitation trends

With these varied observed and projected changes in the general atmospheric
circulation, impacts on the hydrological cycle and shifts in the precipitation distri-
bution can be expected. Trends in precipitation for the period 1979-2006 form, very
broadly speaking, latitudinal bands of consistent sign (Fig. 1.3). For these bands,
the magnitude of the trend may change spatially and temporally across different

7
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seasons. Broad consistent features across all ocean basins include a decrease (in-
crease) in precipitation for the latitude band 40°-55°S (around 60°S). A drying trend
over the Indian Ocean north of 30°S is seen, with the exception of the September-
November season, which records increased precipitation over the western tropical
Indian Ocean and adjacent equatorial East Africa (Fig. 1.3d). In a multimodel
ensemble of global warming simulations, Neelin et al (2006) describe decreases (in-
creases) in tropical precipitation along (within) the margins of the convection zones.
For the period 1925-1999, Zhang et al. (2007) assess the effect of anthropogenic forc-
ing on observed land precipitation trends. They find that increased precipitation in
the subtropics and tropics of the Southern Hemisphere can be largely attributed to
human influence. Similarly, Meehl et al. (2005) suggest that positive SST anomalies
in a warming world produce enhanced precipitation intensity across the tropical land
masses due to increased levels of water vapor. In contrast in the mid-latitudes, a
rise in precipitation intensity is associated with changes in the atmospheric circula-
tion and with more water vapor being transported to areas of moisture convergence
(Meehl et al, 2005). For the 21st Century, the IPCC AR4 models show a robust
response with increased horizontal moisture transport, a spatially and temporally
more pronounced evaporation minus precipitation pattern, and reduced extratropi-
cal sensible heat transport (Held and Soden, 2006). Chou et al. (2007) use a similar
approach and find that global warming enhances the seasonal precipitation range,
with wet (dry) seasons becoming wetter (drier).
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Figure 1.3. Seasonal precipitation trends (significant at the 90% confidence
level) south of 30°N for the seasons (a) DJF, (b) MAM, (c) JJA, and (d) SON,
averaged over the period 1979-2006 (values are shown as standard deviations
month"~ season"”; data is based on Climate Prediction Center Merged Analysis of
Precipitation; for a detaild description see Section 2.3 and Xie and Arkin, 1996).
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As the hydrological cycle intensifies in a warming world, Oki and Kanae (2006)
propose that climate change may increase the rate of renewal of available renew-
able freshwater resources and thus potentially alleviate water stress. However, they
find that increased likelihood of extreme events, i.e. more intense and intermittent
precipitation leading to floods and droughts, shifts in the spatial and temporal dis-
tribution, and degradation of water resources are likely to counteract benefits from
an enhanced hydrological cycle. From satellite observations and climate models, an
increase in the total amount of water due to global warming can be expected in the
atmosphere of about 7% K~! (Wentz et al., 2007). Wentz et al. (2007) show that
in satellite observations this translates to a comparable rise in precipitation, while
climate models indicate a slower rate of 1-3% K~!. This finding of a significant
under-estimation of the well-established notion of intensification of the hydrological
cycle under global warming could have important implications for projections of

future precipitation changes.

1.3. Australian precipitation variability and trends

As a large component of this PhD thesis focuses on Australian precipitation, a
general introduction to the continent’s variability and trends in regard to precipita-
tion is given here. For the other two regions explored in more detail, namely East
Africa and New Zealand, the background on precipitation variability and trends is
given in Section 4.3 for East Africa and in Sections 5.2 and 6.2 for New Zealand,
respectively.

Australia is characterized by arid to semi-arid climate, being the driest of all the
continents (except Antarctica), and with highly variable rainfall, both temporally
and spatially. Precipitation is generally limited to the coastal regions, with dryness
increasing inland with distance from the coast. Spanning more than 30° of latitude
between the tropical north of the country, via the subtropics to the temperate re-
gions of Tasmania, the country experiences a wide range of precipitation regimes.
Drosdowsky (1993a) provides a detailed analysis of seasonal rainfall patterns across
Australia. The tropical north of the country is dominated by summer rainfall asso-
ciated with the monsoon circulation (Fig. 1.4a; Gentilli, 1972; Sturman and Tapper,
1996). The northeast and east of the country also receive most of their annual pre-
cipitation during this season. The southeast of Australia (SEA) is characterized by
wet winters generally (Fig. 1.4c; Gentilli, 1972). Uniform precipitation throughout
the year is experienced on the east coast of Australia and in the eastern half of
Tasmania, while the west of Tasmania sees predominantly wet winters (Fig. 1.4).
Southwest Western Australia (SWWA) is dominated by a Mediterranean climate
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with mostly winter rainfall (Fig. 1.4c; Wright, 1974). Generally, little rain occurs
over the interior of the continent.
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Figure 1.4. Monthly mean precipitation for Australia averaged for the seasons
(a) DJF, (b) MAM, (c) JJA, and (d) SON over the period 1960-2004 (values are
shown in mm month"”*). The data is based on the gridded SILO data produced by
the Australian Bureau of Meteorology (Jeffrey et al, 2001).

Variability in Australian precipitation differs widely between regions and seasons
(Fig. 1.5). During austral summer (and less so for autumn), rainfall variability is
low for the tropical monsoon-dominated north of the country and the east coast,
while the interior's rainfall is more variable (Fig. 1.5a, b). The regions dominated
by winter rainfall, namely SWWA and SEA, show lower variability during winter
and spring (Fig. 1.5¢, d). In contrast, the north experiences variations in excess of
200% during winter, as does northwest Western Australia (NWWA) during spring.
The arid interior of the continent also records the highest variability with 70-200%
throughout the year.

The high seasonal to interannual variability in Australian precipitation is due to
a variety of factors impacting on the country's rainfall. These include influences
by the surrounding oceans, namely from the Indian Ocean (e.g., Nicholls, 1989;
Frederiksen and Balgovind, 1994; Smith et a/., 2000; Ashok et a/., 2003a; England
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Figure 1.5. Coefficient of variation of precipitation for Australia averaged for
the seasons (a) DJF, (b) MAM, (c) JJA, and (d) SON over the period 1960-2004
(values are shown as %).

et a/., 2006; Meyers et a/., 2007), the Pacific Ocean via ENSO (e.g., Chiew et a/.,
1998; Murphy and Ribbe, 2004), variations in the atmospheric circulation related
to the monsoon (e.g., McBride, 1987; Suppiah, 1992), strength and position of the
subtropical ridge, extratropical influences in the south (e.g., Cai and Cowan, 2006;
Hendon et al, 2007; Meneghini et al., 2007), amongst others. The influence of ENSO
on Australian precipitation has been widely investigated (e.g., Chiew et a/., 1998;
Power et al., 1998, 1999; Cai et a/., 2001; Suppiah, 2004; Meyers et al, 2007; Power
and Smith, 2007). Highest negative correlations between Australian rainfall and
ENSO are observed over the north and east of the country. However, the impact
of ENSO on Australian precipitation varies on decadal timescales (Nicholls et a/.,
1996; Power et a/., 1999; Cai et a/., 2001; Arblaster et a/., 2002; Suppiah, 2004).
In addition, Frederiksen et al. (1999) find decadal variations in Australian rainfall
linked to northwest cloud bands modulated by periods of a strengthened/weakened
subtropical Jetstream in observations and GCM simulations. Arblaster et al. (2002)
show that variations in ENSO, shifts in the position of the Pacific Walker circulation,

and western Pacific SST all contribute to decadal variability in Australian rainfall.
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Considering the various recent changes in the Southern Hemisphere atmospheric
circulation described above, it is not surprising that Australian climate has been
affected as well. Nicholls (2006, 2007) provides a thorough review of the present
understanding of recent climate change over Australia, and its detection and attri-
bution. Precipitation over Australia has sustained considerable trends over the past
few decades, varying widely between seasons (Fig. 1.6). During austral summer
and autumn, increases of up to 2 mm month"” season"” have been recorded in the
northern and central regions of Australia (Fig. 1.6a, b). Rotstayn et al. (2007) asso-
ciate observed increases in cloudiness and precipitation across northwestern regions
of the country since the 1950s with Asian aerosols. They demonstrate that changes
in the meridional temperature and pressure gradient across the Indian Ocean region
result in increased monsoonal flow over northern Australia.
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Figure 1.6. Monthly precipitation trends (significant at the 90% confidence
level) for Australia for the seasons (a) DJF, (b) MAM, (c) JJA, and (d) SON,
averaged over the period 1960-2004 (values are shown in mm month"” season™?).

In contrast, increasingly drier conditions dominate over the northeast of the coun-
try, especially pronounced during austral summer and autumn (Fig. 1.6a, b). Chase
et al. (2003) describe reductions in the global monsoon circulations since the 1950s
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that could potentially explain the reductions. The east coast of Australia has also
experienced widespread drying for much of the year (Fig. 1.6), with the reasons for
this still being debated (Sohn, 2007). More recently, this drying trend is especially
pronounced over the Murray-Darling Basin, with decreases in rainfall translating
into an even greater reduction in inflows into the river system of only 40% of the
long-term mean for 2001-2005 (Murphy and Timbal, 2008). For SEA, negative pre-
cipitation trends of more than 1.5 mm month~! season™! for the period 1960-2004
are especially prominent during autumn (Fig. 1.6b). Murphy and Timbal (2008)
suggest that large-scale changes in the SAM and regional trends in the position of
the subtropical ridge play a role in the reduced number and impact of rain-bearing
systems during autumn for SEA. For the period 1951-2003, McAlpine et al. (2007)
find a significant decrease in summer precipitation linked to historical land cover
changes. When focusing on the post-1979 period, Hendon et al. (2007) observe in-
creases in DJF rainfall over SEA that they suggest can be accounted for by positive
trends in the SAM towards its high-index phase. Decreases in autumn precipita-
tion also occur for much of Tasmania, while the island’s west coast has experienced
increasingly wetter conditions during other seasons (Fig. 1.6).

Decreasing trends in SWWA rainfall are most pronounced during austral winter
(and less so for autumn; Fig. 1.6b, c). A widely investigated step-change in SWWA
winter precipitation in the 1970s has been linked to changes in large-scale mean
sea level pressure (Allan and Haylock, 1993; IOCI, 2001), shifts in synoptic systems
(Hope et al., 2006), the SAM (Li et al., 2005b; Cai and Cowan, 2006; Hendon et al.,
2007; Li, 2007), land cover changes (Pitman et al., 2004; Timbal and Arblaster,
2006), anthropogenic forcing (Cai and Cowan, 2006; Timbal et al., 2006), and natu-
ral multidecadal variability (Cai et al., 2005b) with a combination of several factors
likely playing a role.

The various long-term trends in precipitation towards overall drier conditions have
significant implications for Australian society and ecosystems (Sohn, 2007). Climate
model simulations under enhanced greenhouse forcing project further reductions in
rainfall over much of the country (e.g., Timbal, 2004; Hope, 2006; Meehl et al., 2007).
For an arid to semi-arid country such as Australia, this will put further stress on
already strained water resources. This thesis aims to develop a better understanding

of the processes modulating precipitation variability and trends across the region.
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CH. 2 2.1. ABSTRACT

2.1. Abstract

Interannual rainfall extremes over southwest Western Australia (SWWA) are ex-
amined using observations, reanalysis data, and a long-term integration of a coupled
climate system model without forcings from changes in atmospheric composition.
We reveal a characteristic dipole pattern of Indian Ocean sea surface temperature
(SST) anomalies during extreme rainfall years, remarkably consistent between the
reanalysis fields and the coupled climate model but different from most previous
definitions of SST dipoles in the region. In particular, the dipole exhibits peak
amplitudes in the eastern Indian Ocean adjacent to the west coast of Australia.
During dry years, anomalously cool waters appear in the tropical/subtropical east-
ern Indian Ocean, adjacent to a region of unusually warm water in the subtropics off
SWWA. This dipole of anomalous SST seesaws in sign between dry and wet years,
and appears to occur in phase with a large-scale reorganization of winds over the
tropical /subtropical Indian Ocean. The wind field alters SST via anomalous Ekman
transport in the tropical Indian Ocean and via anomalous air-sea heat fluxes in the
subtropics. The winds also change the large-scale advection of moisture onto the
SWWA coast. At the basin scale, the anomalous wind field can be interpreted as
an acceleration (deceleration) of the Indian Ocean climatological mean anticyclone
during dry (wet) years. In addition, dry (wet) years see a strengthening (weaken-
ing) and coinciding southward (northward) shift of the subpolar westerlies, which
results in a similar southward (northward) shift of the rain-bearing fronts associated
with the subpolar front. A link is also noted between extreme rainfall years and
the Indian Ocean Dipole (IOD). Namely, in some years the IOD acts to reinforce
the eastern tropical pole of SST described above, and to strengthen wind anomalies
along the northern flank of the Indian Ocean anticyclone. In this manner, both
tropical and extratropical processes in the Indian Ocean generate SST and wind
anomalies off SWWA, which lead to moisture transport and rainfall extremes in
the region. An analysis of the seasonal evolution of the climate extremes reveals a
progressive amplification of anomalies in SST and atmospheric circulation toward
a wintertime maximum, coinciding with the season of highest SWWA rainfall. The
anomalies in SST can appear as early as the summertime months, however, which

may have important implications for predictability of SWWA rainfall extremes.
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2.2. Introduction

The Australian continent experiences high interannual climate variability, partic-
ularly in precipitation rates (Power et al., 1998; Drosdowsky, 1993a). Rainfall over
southwest Western Australia (hereafter termed SWWA) shows unique characteris-
tics in temporal variability (Smith et al., 2000) and evidence of an overall decline
during winter over the past century (Allan and Haylock, 1993; Ansell et al., 2000b).
On shorter timescales, interannual variability of SWWA rainfall remains poorly
understood, as traditional predictors for Australian climate, such as the Southern
Oscillation Index, appear to resolve little of the region’s variability (Smith et al.,
2000). Several studies have revealed a connection between Indian Ocean sea surface
temperature (SST) and Australian rainfall (e.g., Nicholls, 1989; Frederiksen and
Balgovind, 1994; Reason et al., 1998; Li and Mu, 2001; Qian et al., 2002). However,
these previous studies relate to the large-scale mean Australian or Western Aus-
tralian rainfall. The focus of our study is on the more localized region of SWWA
and more specifically the interannual rainfall variability over the southwestern tip
of Western Australia (region shown in Fig. 2.1a). Of particular interest is how the
SWWA interannual rainfall variability might be controlled by the adjacent Indian
Ocean.

After initial work by Wright (1974) on links between seasonal SWWA rainfall
and the general atmospheric circulation, relatively few studies have focused on the
natural year-to-year variability of rainfall over the region. Ansell et al. (2000b) used
empirical orthogonal functions of monthly data to show that SWWA winter rainfall
is significantly correlated with winter SST over the subtropical Indian Ocean over
the period 1907-1994. However, they found that the links between rainfall and SST
are less significant than those for mean sea level pressure (MSLP) and rainfall. Sim-
ilarly, Smith et al. (2000) investigated observations and reanalyses for the period
1950-1994 and found a relationship between SWWA rainfall and SST in the tropical
southeast and mid-latitude Indian Ocean. Again, these were found to be less robust
than those seen using MSLP. Allan and Haylock (1993) use gridded station data
for the period 1911-1989 to show that SWWA winter rainfall anomalies may be
associated with fluctuations in mid-latitude frontal systems, resulting from modula-
tion in the semi-permanent long-wave (anticyclone) trough south of Australia. This
modulation is caused by interactions between Indian Ocean SST anomalies and the
overlying atmosphere. Allan and Haylock (1993) and Smith et al. (2000), among
other studies, also focus on a long-term winter rainfall decline over SWWA over the
past 40 years. The cause of this multidecadal shift in SWWA rainfall remains a
topic of debate. For example, the Indian Ocean Climate Initiative (I0CI, 2002) at-
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tribute the decrease in winter rainfall in the mid-1970s to an increase in air pressure
at 30°-50°S, which forces large-scale atmospheric circulation changes in the region.
The IOCI (2002) suggest that these changes may have been forced by increasing at-
mospheric greenhouse gases. Further evidence of a greenhouse fingerprint in SWWA
rainfall decline has recently been provided in the climate change simulations of Cai
et al. (2003a), who show that increasing CO, can force a century-scale decline in
winter rainfall. In contrast, Pitman et al. (2004) suggest that the rainfall decline
and coinciding temperature increase is mostly due to large-scale changes in SWWA
land cover over the past fifty years. They use a model to demonstrate that cleared
vegetation patterns result in an increased moisture divergence over SWWA and a
corresponding enhanced moisture convergence inland. In the present study, how-
ever, we focus on the shorter timescale interannual variability, and extend previous
studies by evaluating over 30 years of observations and reanalysis data, as well as
interannual SWWA rainfall variability in a multi-century coupled climate model.
The tropical Indian Ocean is characterized by a seasonal reversal of the zonal
monsoon winds and a resulting seasonal tilt of the thermocline. A positive air-sea
thermal feedback between an anomalous atmospheric anticyclone and a cold SST
anomaly can result in Indian Ocean dipole (IOD) events in certain years (Saji et al.,
1999; Li et al., 2003; Yamagata et al., 2003; Saji et al., 2005). These appear as a pat-
tern of internal Indian Ocean variability with negative SST anomalies off Indonesia
and anomalously high SST in the western Indian Ocean, accompanied by changes in
zonal wind strength over the equator (Saji et al., 1999). A positive air-sea feedback
is set up, reinforcing the anomalous state, until the seasonal reversal of the wind
field across the equatorial Indian Ocean counteracts it, leading to a rapid decline
of the IOD event. The close relationship between zonal winds and SST indicates
strong air-sea coupling over the tropical Indian Ocean (e.g. Rao et al., 2002; Ashok
et al., 2003b; Li et al., 2003; lizuka et al., 2000). Recently, IOD events have been
associated with low Australian rainfall due to anomalous anticyclonic circulation
over the eastern Indian Ocean and Australia, resulting in anomalous subsidence
over the Australian continent (Ashok et al., 2003a; Saji and Yamagata, 2003a). Of
the rainfall extremes normally associated with Indian Ocean SST variability, es-
pecially in the form of the IOD, most studies concentrate on its effect on Indian
(Ashok et al., 2001; Li et al., 2003; Ashok et al., 2004b), Indonesian (Saji et al.,
1999) and African (Reason, 1999; Saji et al., 1999; Black, 2003) precipitation. One
exception is the study by Ashok et al. (2003a), who focus on a link between the IOD
and Australian winter rainfall using 20 years of observations and results from an
atmospheric general circulation model (GCM). Here, we extend this by analyzing
interannual rainfall variability over SWWA, and expand the analyses to a longer
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observational record and a multi-century coupled climate model.

In contrast to the above studies whose focus is on the Indian Ocean, White (2000)
found evidence that Australian precipitation covaries with Southern Ocean SST.
He suggested that the tropospheric moisture flux convergence (divergence) varies
such that anomalously moist (dry) marine air is advected onto Australia in phase
with warm (cool) SST anomalies to the south, which are linked to the eastward
propagation of the Antarctic Circumpolar Wave (ACW). The White (2000) study
is, however, based on overall Australian and Western Australian rainfall, so it is of
interest to reassess these proposed linkages in the context of the limited domain of
SWWA.

The rest of this paper is organized as follows. The observational data and method-
ologies used in our study are described in Section 2.3. In Section 2.4 we examine
observations and reanalysis data with a view to identifying anomalies in climate
parameters associated with extreme rainfall events in SWWA. In Section 2.5 we
reassess the connection between Indian Ocean climate and SWWA rainfall in a
1000-year integration of a coupled climate model. In Section 2.6 we briefly con-
sider the seasonal evolution of the SWWA climate anomalies in both the model and

observations. Finally, in Section 2.7, we discuss and summarize our findings.

2.3. Observational data and data analysis

This study concentrates on southwest Western Australia in a region bound by
30°-35°S, 115°-120°E. To justify the localized region of analysis, Fig. 2.1a shows
the net annual rainfall rate over the Australian mainland and Tasmania. Apparent

! _ falling within

in the west is a localized region of high rainfall — up to 900 mm yr~
our study domain. This high rainfall region is not only unusual in the context
of extratropical Western Australia; it is also relatively unique over the Southern
Hemisphere. For example, at comparable latitudes both southwestern Africa and
the subtropical western region of South America are characterized by somewhat
lower regional rainfall rates (~300 mm yr~'), in spite of much more pronounced
orographic features than SWWA. A likely reason for the unusually high net rainfall
over SWWA is the anomalously warm SST over much of the tropical and subtropical
eastern Indian Ocean (Gentilli, 1991). The warm waters in the eastern Indian Ocean
are due in part to the Indonesian throughflow from the western Pacific, as well as the
resultant poleward flowing Leeuwin Current, the world’s only subtropical poleward
flowing eastern boundary current.

Observed annual rainfall for SWWA within our region of interest is shown in Fig.

2.1b during the period 1970-2003, with a power spectral density (PSD) analysis
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Figure 2.1. (a) Annual precipitation (mm yr over Australia from the
Australian Bureau of Meteorology (BoM) gridded rainfall climatology, with the
study area in southwest Western Australia indicated (115°-120°E, 30°-35°S). (b)
Detrended time-series (solid line) of the observed annual rainfall anomaly (mm
yr~") for SWWA for 1970-2003; dashed lines indicate + one standard deviation
(66 mm yr~") and years with rainfall exceeding this are marked as extremes (filled
circles). Years identified by Saji et al (1999) as Indian Ocean Dipole (10D) years
for the period 1970-1999 are also indicated (1972, 1982, 1994, and 1997). (c)
Power spectral density (PSD) of observed SWWA precipitation using the
Thomson multi-taper method (Mann and Lees, 1996). The dashed horizontal hne
represents the estimated white noise spectrum at 90% confidence level.
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of this time-series shown in Fig. 2.1c. Observations are taken from the gridded
Australian Bureau of Meteorology (BoM) rainfall data sets, averaged over 30°-35°S
and 115°-120°E. The time-series in Fig. 1b is detrended and the long-term mean

! is removed. The trend in rainfall removed during 1970-2003 is in

of 520 mm yr~
fact virtually negligible, at only -0.0264 mm yr~! per annum. This equates to less
than 1 mm yr~! net decline in annual rainfall over the study region during the 34-
year record, indicating that our analysis period largely post-dates the documented
20th Century decline in SWWA rainfall (e.g., see analyses in IOCI, 2002). The
PSD analysis shows peak variability at periods of ~2.4, 3.9 and 8 years (Fig. 2.1c).
The standard deviation of the detrended rainfall time-series is 66 mm yr~!; this
value is used to define anomalously wet and dry years, as indicated in Fig. 2.1b.
In particular, wet (dry) years correspond to those years with rainfall one standard
deviation above (below) the long-term mean. In absolute terms, this means wet
years receive > 586 mm yr~! and dry years < 454 mm yr~! rainfall, respectively. It
is important to note that while highest rainfall over SWWA occurs during austral
winter, the extreme years defined above do not correspond exclusively to dry and
wet winters. For example, some of the dry years do not correspond to winters of
particularly low rainfall, and in some cases high summer rainfall rates push the year
average into a wet-year anomaly. With the focus of this paper on year-to-year and
not seasonal variations, and with annual rainfall extremes not defined exclusively by
wintertime rainfall rates, it is appropriate to form composite statistics based on net
annual mean conditions. In Section 2.6 we briefly examine the nature and evolution
of sub-annual rainfall anomalies over SWWA.

As direct observations are sparse over the extratropical oceans, including the
South Indian and Southern Oceans, we employ reanalysis data to investigate large-
scale atmospheric properties during dry/wet years over SWWA. Only the period
since 1970 is considered, as prior to this time open-ocean data coverage is extremely
sparse. The reanalysis data used is that of the National Center for Environmental
Prediction (NCEP) and National Center for Atmospheric Research (NCAR) reanal-
ysis project (Kalnay et al., 1996). It is presently the most extensive reanalysis record
available. The NCEP/NCAR reanalyses use a global spectral model with a hori-
zontal resolution of T62 (~2° latitude by ~2° longitude) and 28 unequally spaced
vertical sigma-levels in the atmosphere (Kalnay et al., 1996). The model includes
parameterizations of all major physical processes. A variety of in situ and satellite
measurements are assimilated and subjected to quality control before incorporation
into the model. For this study, the following NCEP/NCAR reanalysis variables
will be discussed: air temperature, sea level pressure (SLP), wind vectors, moisture

advection, and outgoing longwave-radiation. For oceanic properties we use the Na-
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tional Oceanic and Atmospheric Administration (NOAA) extended reconstructed
sea surface temperature (SST) data set with a resolution of ~2° latitude by ~2°
longitude. The NOAA climatology employs the most recently available Compre-
hensive Ocean-Atmosphere Data Set (COADS) SST data and improved statistical
methods allowing for stable reconstruction using sparse data.

To investigate teleconnections to rainfall variability over larger scales we use the
Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and
Arkin, 1996) climatology. The CMAP data set is used instead of the NCEP/NCAR
reanalysis rainfall, as potential deficiencies on regional scales were revealed in the
latter by Janowiak et al. (1998) for parts of the Indian Ocean and over Indonesia!.
The CMAP data set consists of monthly averaged precipitation on a ~2.5° latitude
by ~2.5° longitude grid for the period 1979-2003. It combines several data sets of
varying origin and characteristics, including gauge-based analyses from the Global
Precipitation Climatology Centre, predictions by the operational forecast model
of the European Centre for Medium-Range Weather Forecasts, and three types of
satellite estimates. As a further assessment of our findings obtained using the various
climatological data sets, we will also examine SWWA rainfall variability within a
multi-century integration of a coupled climate model (described in Section 2.5).

To form composites of anomalous fields for a variety of parameters during dry and
wet years, anomalies were calculated as the deviation of the composite annual mean
from the long-term annual mean. By analyzing composite properties, prominent
features of selected years are enhanced, while noise present in individual events is
mostly removed. Dry SWWA years comprise 1972, 1977, 1979, 1987, 1994, and
2002, while wet SWWA years are 1973, 1974, 1988, 1992, and 1999 (for further
details see Fig. 2.1b). For reference, years identified by Saji et al. (1999) as IOD
years for the period 1970-1999 are the following: 1972, 1982, 1994, and 1997, as is
also indicated in Fig. 2.1b.

2.4. Observed climate during extreme years
2.4.1. Rainfall

Composite analyses of annual surface precipitation rate show distinctly different
patterns for dry (Fig. 2.2a) and wet (Fig. 2.2b) years in SWWA. The composite
maps in Fig. 2.2 use rainfall rates from the CMAP climatology binned into dry

Tt is noted that the composite rainfall maps in Fig. 2.2 are nonetheless relatively
insensitive to the choice of rainfall climatology; including the CMAP, NCEP/NCAR
and Global Precipitation Climatology Project (GPCP) data sets.
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and wet years. It should be noted that Fig. 2.2 shows the raw composite rainfall
anomalies, which tend to be large where the mean annual precipitation is highest
(e.g., over southeast Asia). Whilst rainfall anomalies over SWWA do not appear
large, mean precipitation there is relatively low compared to the tropics, so the
normalized anomalies at SWWA are significant. Anomalously low (high) rainfall
persists over much of southeast Asia and the tropical eastern Indian Ocean during
dry (wet) SWWA years (Fig. 2.2). Dry (wet) years in SWWA appear to also coincide
with dry (wet) years along Australia's eastern seaboard and wet (dry) years in the
tropical western Pacific and western Indian Oceans. Hence, dry and wet conditions
in SWWA appear to be part of a large-scale phenomenon affecting the Indian Ocean
basin and adjacent regions, in particular southeast Asia, parts of eastern Africa, and
eastern Australia.

(a) Drv year composite
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(b) Wet year composite
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Figure 2.2. Composite of anomalous CMAP surface precipitation rate (mm
yr~") for (a) dry and (b) wet years in SWWA, as compared to the long-term
climatological mean. Note that only extreme years from 1979-2003 are used to
form the composites, as the CMAP rainfall climatology is only available from
1979. The dashed contours indicate where anomalies exceed the 90% significance
level as estimated by a two-tailed t-test.
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2.4.2. Sea level pressure

Composite anomalies of SLP fields show that during dry years SLP over the
Australian continent is unusually high (up to 1 mb above the long-term mean) with
its center over southern Australia (Fig. 2.3a). A band of anomalously low pressure
sits further south so that geostrophic wind anomalies drive an intensified westerly
wind field at 40°S. The pattern for wet years in SWWA (Fig. 2.3b) is more or
less reversed. However, in wet years, the anomalous low SLP across Australia and
the eastern Indian Ocean stretches southward to the subpolar region near 60°E. A
band of higher than normal SLP appears to the south of Australia, corresponding
to weaker geostrophic westerly winds at 100°-140°E. With the wet and dry year
composites exhibiting significant SLP anomalies over southern Australia and the
Southern Ocean, the SWWA rainfall extremes could be related to the ACW or
the Southern Annular Mode (SAM). However, analyses of time lagged SLP maps
(figures not shown) reveal little signal of an ACW leading up to wet/dry years, and
the SLP anomaly patterns are not circumpolar, so neither of these scenarios appears
likely.

2.4.3. Surface winds

The pressure anomalies, in turn, result in changed surface wind fields across wide
parts of the Southern Hemisphere, as the winds closely track the pressure fields as
expected under geostrophy (composite wind anomalies are shown in Fig. 2.4). This
is especially apparent in the subpolar westerlies to the south of the Australian con-
tinent, which are strengthened (weakened) by the increased (decreased) meridional
SLP gradient during dry (wet) years. A strengthening and coinciding southward
shift of the subpolar westerlies to the south of Australia during dry years results
in a similar southward shift of the rain-bearing fronts associated with the subpolar
front. This situation is reversed during wet years, confirmed by composite plots of
moisture advection in the region (figure not shown). Nearer the region of SWWA,
Fig. 2.4 shows that the local surface winds are anomalously offshore during dry
years, and onshore during wet years. These localized wind changes have the effect
of advecting less (more) moist air onto the West Australian coast during dry (wet)
years (moisture advection figure not shown).

The composites of surface vector wind anomalies for dry and wet SWWA years
also differ distinctly over the Indian Ocean basin. For example, during dry (wet)
years there is a strengthening (weakening) of the easterly winds on the northern
flank (0°-10°S, 70°-110°E) of the gyre-scale anticlockwise wind system (Fig. 2.4).
This agrees with the high (low) SLP anomaly extending from Australia northwards
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Figure 2.3. NCEP/NCAR reanalysis composite of anomalous SLP (mb) for (a)
dry and (b) wet years in SWWA, as compared to the long-term climatological
mean. The dashed contours indicate where anomalies exceed the 90% significance
level as estimated by a two-tailed t-test.

across southeast Asia. This extension of the SLP anomaly creates a divergence
(convergence) in near-surface flow across Indonesia, resulting in subsidence (con-
vection) of upper-atmospheric air masses, which leads to reduced (increased) local
precipitation. Accordingly, decreased (increased) cloud formation is observed in
the anomalous patterns of outgoing longwave radiation (OLR; figure not shown)
across southeast Asia and SWWA (increased OLR for clearer skies, decreased OLR
for greater cloud coverage). These mechanisms explain the pattern of anomalous
rainfall (Fig. 2.2) seen across southeast Asia during dry and wet years in SWWA.
Additionally, there is a broad band of anomalous meridional winds at 80°-110°E and
15°-30°S during extreme SWWA rainfall years; characterized by unusually strong
southward (northward) components during dry (wet) years. We will see below that
these north-south wind anomalies contribute to local changes in atmospheric and

oceanic temperatures. In summary, annual rainfall extremes over SWWA coincide
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Figure 2.4. NCEP/NCAR reanalysis composite of anomalous annual surface
wind vector direction and speed (m for (a) dry and (b) wet years in SWWA,
as compared to the long-term climatological mean. Vectors indicate direction only,
with color shading denoting speed in m Wind anomalies in excess of 0.5 m
are significant at the 90% significance level as estimated by a two-tailed t-test.

with anomalies on both the tropical and extratropical flanks of the gyre-scale an-
ticlockwise Indian Ocean wind system, with additional mid-basin meridional wind

anomalies occurring near ~100°E.

2.4.4. Sea surface and air temperature

Anomalous SST composite maps for extreme SWWA rainfall years are shown
in Figure 2.5. In the eastern Indian Ocean a prominent dipole in SST exists off"
Western Australia during years of extreme rainfall; one pole (PI) is centered over
the Northwest Shelf extending northwestwards to Sumatra, the other pole (P2)
sits over the open ocean to the southwest centered at ~30°S, 100°E. A third local
extreme (P3) in SST is also apparent in the southwest Indian Ocean to the southeast

of southern Africa.
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Figure 2.5. Composites of anomalous annual NOAA extended reconstructed
SST (°C) for (a) dry and (b) wet years in SWWA, as compared to the long-term
climatological mean. The areas traditionally associated with the Indian Ocean
dipole (Saji et al, 1999) and the subtropical Indian Ocean dipole (Behera and
Yamagata (2001), solid boxes; Suzuki et al. (2004), gray boxes) are marked in (a)
and (b), respectively. Labeled in each panel is the location of the temperature
poles PI, P2 and P3 as discussed in the text. The dashed contours indicate where
anomalies exceed the 90% significance level as estimated by a two-tailed t-test.

The SST pole south of Indonesia (PIl) can be explained by the anomalous wind
fields of Fig. 2.4. During dry years, strong easterly wind anomalies (Fig. 2.4a)
cause a shoaling of the thermocline (forced by increased Ekman transport away
from the equator), resulting in anomalously cold upwelled waters. The opposite
occurs during wet years (Fig. 2.4b), with weaker easterly winds allowing local SST
to warm via reduced upwelling. During dry years, a warm pole in SST is also seen
in the equatorial western Indian Ocean off Africa reminiscent of the 10D, likely a
result of anomalous eastward advection of warm tropical waters originating from
the eastern Indian Ocean. This results in a positive air-sea feedback of anomalous
SST fields reinforcing the overlying anomalous winds. A signature of negative 10D
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phase is, however, only marginally apparent in the composite analysis of wet SWWA
years (as noted below, only some wet years coincide with a strongly negative phase
of the IOD).

The temperature pole located in the southeast Indian Ocean (P2; near 30°S,
100°E) corresponds with the anomalous meridional wind fields discussed in Section
2.4.3. For example, during dry years (Fig. 2.5a), the warm SST pole coincides with
anomalous winds from the north (in fact, except for 2002, individual years show
either anomalously weak southerly winds, or indeed, a mean northerly wind stream
at this location). In contrast during wet years, the cold SST pole coincides with
enhanced southerly winds. This suggests that this second pole in SST is forced by
local air-sea heat fluxes (unlike the tropical pole that appears to be the result of
anomalies in wind-driven ocean advection). This is confirmed by composite analyses
of observed air-sea heat fluxes (Fig. not shown), which show enhanced ocean heat
loss over pole P2 during wet years (cool SST), and weakened ocean heat loss at
pole P2 during dry years (warm SST'). The air-sea coupling at P2 is apparent in the
composite analyses of surface air temperature (Fig. 2.6), which show a prominent
anomaly in heat content of the air mass overlying the southeast Indian Ocean SST
pole. This confirms that the second SST pole is associated with anomalous warming
(dry years) and cooling (wet years) forced by air-sea heat fluxes via meridional wind
anomalies.

The third SST pole in Figure 2.5 lies in the southwest Indian Ocean off southern
Africa (P3). The SST anomalies in this region may be explained by anomalous
wind-driven ocean advection during dry years (the cool water there is consistent
with a stronger Ekman transport from the south), and anomalous air-sea heat fluxes
during wet years (an anomalous northerly air stream flows toward P3 in the wet
year composite).

It is finally worth noting that the SST composite signatures shown in Fig. 2.5
bear some similarity to previous analyses of surface temperature patterns in the
Indian Ocean. For example, Nicholls (1989) found a significant correlation between
northwest Western Australian (NWWA) winter rainfall and a pattern of SST rem-
iniscent of poles P1 and P2 in our analysis. Surprisingly, Nicholls (1989) found
no significant connection between his SST dipole and SWWA rainfall. Instead, his
SST dipole was shown to correlate to rainfall over a region stretching from NWWA
through central Australia and down to the southeast of the continent (matching the
approximate trajectory of a northwest cloud band originating off NWWA). Ansell
et al. (2000a) found that a similar SST dipole to Nicholls (1989) was correlated to
Victorian rainfall in the southeast of Australia. More recently, Saji and Yamagata
(2003b, their Fig. 2) plotted a composite map of the Indian Ocean SST anomaly
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Figure 2.6. NCEP/NCAR reanalysis composite of anomalous annual surface air
temperature (°C) for (a) dry and (b) wet years in SWWA, as compared to the
long-term climatological mean. The dashed contours indicate where anomalies
exceed the 90% significance level as estimated by a two-tailed t-test.

during September-November based on seven of the coolest SST anomaly years at
7°S, 105°E, which sits over the eastern pole of the 10D (to the northwest of PI).
While the resulting SST composite shows only a weak cool signature at our pole
PI, it reveals a warm band of SST spanning from the western pole of the 10D off
Africa southeastwards towards SWWA (reminiscent of the pattern of SST seen in
our Fig. 2.5a). This correspondence reflects the 10D component in our composite

dry year analysis for SWWA rainfall.

2.4.5. Relation to the 10D and SIOD

It has already been mentioned that in some years the 10D is associated with
SWWA rainfall via the reinforcement of SST anomalies at pole PI. The 10D may
also affect SWWA rainfall by other means, such as via a modification of the tropical

wind field as is suggested by the anomalies seen in Fig 2.4. To investigate the
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10D-SWWA rainfall link further we calculate the Indian Ocean dipole mode index
(DMI), an indication of 10D strength, and plot its annual mean against SWWA
rainfall anomalies in Fig. 2.7. All properties shown in Fig. 2.7 represent the annual
mean of monthly values. In particular, we calculate the monthly DMI using monthly
SST values before forming the annual mean. The DMI definition is as described by
Saji et al. (1999); namely, the difference is taken between spatially averaged NOAA
reconstructed SST anomahes of two areas in the Indian Ocean (shown in Fig. 2.5a),
one in the western Indian Ocean (50°-70°E, 10°S-10°N) and the other in the tropical
eastern Indian Ocean (90°-110°E, 0°-10°S). In the DMI, the eastern SST anomaly

is subtracted from the western SST anomaly.

100 -

-100Q .- --0.5

SWWA rainfall anomaly
Dipole Mode Index

-200
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Figure 2.7. Observed annual rainfall anomaly (solid fine, mm yr~*) for SWWA
during 1970-2003 overlaid with the annual mean Indian Ocean dipole mode index
(dashed line, as defined by Saji et al, 1999). The Indian Ocean dipole mode index
is calculated using the regions indicated in Fig. 2.5a and the NOAA extended
reconstructed sea surface temperature climatology. Years identified as positive
Indian Ocean Dipole (10D) years and positive ENSO years are indicated (* =
both 10D and ENSO; * = ENSO only; * = 10D only). ENSO year definitions are
taken from Meyers et al (2007). Years of significant negative 10D phase are also
indicated. The criteria used for wet/dry SWWA years are included (i.e., one
standard deviation above/below the mean).

The most obvious aspect of Fig. 2.7 is that the DMI and SWWA rainfall are
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strongly out of phase. However, not all IOD events force anomalously dry conditions
over SWWA, and indeed some dry years occur in the absence of an anomalously
positive IOD phase. The DMI is correlated negatively with rainfall in SWWA,
with a Pearson correlation coefficient of -0.534 and an associated P-value of 0.001.
The connection between the IOD and SWWA rainfall is most apparent, however,
during dry years, with the dry year SST composite anomaly pattern typical of an
IOD event (Fig. 2.5a) yet only a weak signature of negative IOD phase during wet
years (Fig. 2.5b). Nonetheless, several of the anomalous wet years coincide with a
negative phase in the DMI, most notably 1992 (Fig. 2.7). During such years the
IOD acts to strengthen the SST anomalies south of Indonesia as well as enhancing
wind anomalies along the northern flank of the Indian Ocean anticyclone, thereby
affecting the mean subtropical ridge that drives winds and moisture onto the coast
of SWWA.

The combination of SST anomalies at P2 and P3 is reminiscent of the subtropical
Indian Ocean dipole (SIOD), although as indicated in Fig. 2.5 the location of these
anomalies does not match previous definitions of the SIOD. For example, Suzuki
et al. (2004)) investigate a subtropical dipole of SST at 50°-80°E, 42°-30°S (south-
western pole) and 75°-105°E, 29°-17°S (northeastern pole). Neither of these two
poles overlies the regions of high SST anomaly identified above. It is not surprising
then, that the subtropical dipole index (SDI) of Suzuki et al. (2004) is not signifi-
cantly correlated with SWWA rainfall (Pearson correlation coefficient of 0.238, and
an associated P-value of 0.183). Similar correlation levels are obtained between
SWWA rainfall and the SDI of Behera and Yamagata (2001). We further investi-
gated time-series of the seasonal mean SDI indices versus seasonal mean SWWA
rainfall, and again found no significant correlation.

In spite of this, it is clear that extremes in SWWA rainfall are associated with
subtropical and midlatitude Indian Ocean SST and SLP anomalies, which in turn
modulate the subtropical high and thereby alter the local atmospheric circulation
(Figs. 2.3, 2.4). In the context of our study region, SWWA rainfall extremes are
related to subtropical SST anomalies at locations to the east of previous definitions
of the SIOD (e.g., as depicted in Fig. 2.5). This is supported by the magnitude of
anomalous winds in the southwest Indian Ocean shown in Fig. 2.4, which are weaker
than those in the east, particularly during dry years. Anomalies in the southwest
Indian Ocean (near P3) are thus likely symptomatic of other basin-scale adjustments
in the Indian Ocean anticyclone during dry and wet years, and not essential to the

control of SWWA rainfall.
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2.4.6. Modulation by ENSO

The focus of this paper is on the link between interannual SWWA rainfall variabil-
ity and climate over the Indian Ocean. However, it is of interest to assess whether
the link to Indian Ocean climate variability is in some way modulated by ENSO. If
not stated otherwise, an ENSO year/event refers to the positive phase of the ENSO
cycle, i.e. an El Nifno event. Fig. 2.7 highlights years during the 1970-2003 obser-
vational record that can be identified as IOD years, those identified as ENSO years
(using the definition of Meyers et al., 2007), and those identified as both IOD and
ENSO years. For comparison the annual rainfall anomaly for SWWA is included
in Fig. 2.7, and years of significant negative IOD phase are also shown. SWWA
rainfall extremes exhibit no obvious link to ENSO events. For example, when an
ENSO event occurs in the absence of a strongly positive IOD phase (1986, 1987,
1991), SWWA rainfall is not significantly different to the long-term mean. Rain-
fall can be anomalously low during combined ENSO-IOD years (e.g., 1972), but it
can also be average in such years (1982, 1997). It is true that ENSO events tend
to be associated with drier SWWA years, although the connection is by no means
robust and could just be symptomatic of the known ENSO-IOD connection (e.g.,
just over 40% of IOD events during 1876-1999 have coincided with ENSO events;
Meyers et al., 2007). The teleconnection of ENSO to the IOD remains a topic of
vigorous debate, and separating their projection onto SWWA rainfall is beyond the
scope of the present study. Nonetheless, it is possible that ENSO directly plays a
role in SWWA rainfall, for example via a continent-wide SLP response through the
downward branch of the Walker circulation.

2.5. Modeled climate during extreme years

One of the limitations of the above analyses of the observed and reanalysis records
is that there are only 5—6 years characterized by anomalously high or low SWWA
rainfall (Fig. 2.1b). This means that in general, only the high amplitude signatures
of the observed composite analyses are statistically significant (e.g., the SST poles,
the SLP anomalies over Australia, and the tropical and extratropical wind anoma-
lies). A much longer observational record is required to obtain detailed statistically
significant patterns of Indian Ocean climate during wet and dry years over SWWA.
It is therefore useful to revisit our analyses in the context of a long-term multi-
century natural simulation of the global coupled climate system. To this end we
examine 1000 years of model data from the latter stages of a 10,000-year integration
of the CSIRO coupled climate model under constant CO, forcing. The model used
is an updated version of the climate simulation described by Hirst et al. (2000),
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consisting of coupled atmospheric, oceanic, sea-ice and land-surface submodels. All
components of the model have a horizontal spectral resolution of R21 (approximately
5.6° longitude x 3.2° latitude), while on the vertical scale the ocean GCM has 21
geopotential levels and the atmospheric GCM 9 sigma levels. The climate model
employs seasonally varying heat and freshwater flux adjustment terms to keep the
simulation near to a present-day steady state. Further details on the model physics
and numerics, as well as its ability to simulate the present-day global climate, can
be found in Gordon and O'Farrell (2004) and Hirst et al. (2000). Details of the
model's representation of global climate variability and precipitation can be found
in Walland et al. (2000) and Hunt (2001).

Model SWWA rainfall anomaly
T

200 400 600 800 1000
Time (year)

PSD of rainfall

0.25 0.3 0.35
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Figure 2.8. (a) Time-series of annual precipitation anomaly (mm yr~”) in
SWWA over the 1000-year climate model simulation. The dashed lines indicate
one standard deviation (44 mm yr~") above and below the 1000-year mean, which
is used to define anomalously dry and wet years. The model SWWA precipitation
is defined as the average over the area indicated by the box at 115°-120°E,
30°-35°S (see Fig. 2.9a, b for the location), (b) Power spectral density (PSD) of
SWWA precipitation. The dashed line represents the estimated white noise
spectrum at 95% confidence level.

Since the focus of this study is on rainfall variability on interannual timescales, a
high-pass filter is applied to the model data to retain signals with periods of 2-10
years. The model variables analyzed here include the annual mean SWWA rainfall
(shown as a time-series over 1000 years in Fig. 2.8a, using rainfall averaged over
the area indicated in Fig. 2.9a, b), as well as global SST, rainfall, surface wind

stress, air-sea heat fluxes and surface ocean currents. The SWWA rainfall shown in
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Fig. 2.8a is calculated using linear interpolation involving a total of 12 model grid
points that span the domain of interest, matching the nearest model grid boxes to
the analyzed observational domain of 115°-120°E, 30°-35°S. There are only 2 model
grid points wholly enclosed by the box shown in Fig. 9a and 9b, but another 10
points adjacent to the region that come into the calculation of SWWA rainfall via
an area-weighted linear interpolation.

The coupled climate model SWWA rainfall variability is weaker than that seen in

1 compared to the

the BoM observations, with a standard deviation of 44 mm yr~
observed 66 mm yr~!. This is typical of coarse resolution climate models wherein
extreme events tend to be weakly damped compared to observations. The extremes
in model SWWA rainfall (Fig. 2.8a) are defined as those in which the rainfall
anomaly exceeds one standard deviation above and below the long-term mean (i.e.
+44 mm yr~!), resulting in ~150 instances of each of anomalously wet and dry
years. The dominant periods of interannual variability of the model SWWA rainfall
appear similar to the observations from a cursory comparison of Figs. 2.1b and 2.8a,
which is confirmed by PSD analyses (Fig. 2.1c, 2.8b). The dominant variability in
the model rainfall occurs at a broad range of periods, including 34 years and ~8.5
years (these peaks are significantly different at 95% confidence level from a white
noise signal, see Fig. 2.8b). The PSD analysis of observed rainfall (Fig. 2.lc)
shows much less structure than the model (to be expected given the short data
record), although the observed peaks at 2.4, 3.9 and 8 years are in good agreement
with three of the significant peaks shown in the model analysis. The dominant
period of variability seen in the observed SWWA rainfall (~4 years, Fig. 2.1c)
contrasts multiple significant peaks in the model (at ~2.5, 3, 3.5, 4, 7, 8.5 years).
It also contrasts the variability of the model’s IOD, which exhibits a dominant
period of ~3 years (figure not shown). The model IOD variability also exhibits a
signal with a period of ~2 years, although not of magnitude significantly different
from background noise. Damped higher frequency climate variability is a problem
common to coarse-resolution models; it is likely to be why the simulation does not
capture the primary biennial peak in the IOD noted in observations (e.g., Ashok
et al., 2003b).

Composite anomalies of the model regional rainfall patterns during dry and wet
SWWA years are shown in Fig. 2.9a, b. Anomalies are only shown where they
exceed the 90% significance level as estimated by a two-tailed t-test. The composite
patterns of model precipitation correspond closely to those formed based on the
observed 1979-2003 CMAP climatology (Fig. 2.2), though with reduced amplitude.
Anomalous rainfall extends from SWWA and the eastern Indian Ocean into Asia

in both dry and wet years, with a general reversal of sign over the western Indian
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Figure 2.9. Composite maps of (a, b) rainfall anomaly (mm (c, d) SST
(°C) overlaid on vectors of wind stress anomaly (N and (e, f) ocean surface
current anomaly (cm during dry (a, ¢, €) and wet (b. d, f) years in the

climate model. Anomalies are only shown where they exceed the 90% significance
level as estimated by a two-tailed t-test. Anomalous wind stress and surface
current velocities below the significance level ai'e displayed as gray vectors in (c-f).
Wind anomaly vectors of magnitude less than 0.5 x 10"* N are not shown.
The highlighted box in (a. b) mai'ks the SWWA location used to define years of
anomalous model rainfall (i.e., the dry and wet years of Fig. 2.8a).
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Ocean and Africa, as well as in the western Pacific. Unlike the observed, however,
the composite patterns exhibit highest anomaly magnitudes over SWWA, not Asia.
This indicates a greater variety of rainfall scenarios over Asia in the model during
dry and wet SWWA years. It is also noted that the model under-represents tropical
ocean-atmosphere variability, including ENSO and the IOD, owing to its coarse
resolution and possibly the use of flux-adjustment terms. In this context we repeated
the model composite analyses within the non-flux-adjusted NCAR climate system
model, and found similar patterns to those described here (figures not shown).

Composites of the model SST and wind vector anomalies during dry and wet
SWWA years are presented in Fig. 2.9¢c, d (as above, only shown where they ex-
ceed the 90% significance level). This shows that during dry years a pole of cold
SST sits in the tropical eastern Indian Ocean off Northwest Australia alongside a
pole of anomalously warm SST to the south extending northeast towards Central
Africa. During wet years this SST pattern is reversed, with the dipole of temper-
ature anomalies nearly a mirror image of the dry year scenario. These dry and
wet year patterns are remarkably similar to the reanalysis SST composite anomalies
shown in Fig. 2.5, although the magnitude of the SST anomalies is smaller in the
model compared to the observations (£0.1°C versus +0.4°C, respectively). This
reduced SST variability is likely due to a combination of the model’s coarse resolu-
tion, the model flux adjustment terms, and the fact that we composite ~150 model
years for each of the low rainfall and high rainfall scenarios. Like the observational
analyses (Fig. 2.5), the model SST dipole reaches peak amplitude in the tropical
and subtropical eastern Indian Ocean, adjacent to western Australia (and to the
east of previous definitions of the SIOD). Furthermore, the model composite of dry
years shows a stronger magnitude IOD pattern compared to the model wet years,
similar to the observed composite SST signals of Fig. 2.5.

The model composite winds are also for the most part consistent with the reanaly-
sis data. There is a strengthening (weakening) of the subpolar westerlies during dry
(wet) SWWA years (Fig. 2.9c, d). In addition, dry (wet) years are accompanied by
acceleration (deceleration) of the tropical easterlies, with strongest anomalies off the
Indonesian coast. As with the reanalysis data, this forces the oceanic heat anomalies
at pole P1 via fluctuations in the surface Ekman transport away from the equator
(this can be confirmed for the model in Fig. 2.9e, f). In addition, local evaporative
fluxes also play a role in regulating the model’s SST anomalies at P1. Winds over
the southeast Indian Ocean SST pole (P2) include anomalously northward (south-
ward) components during cold (warm) phases. These features again show excellent
agreement between the reanalyzed and climate model data. As in the observed
analyses, anomalies in the model air-sea heat exchange at pole P2 are controlling
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SST fluctuations via anomalous meridional winds (composite heat flux patterns not
shown). Ocean advection also contributes to SST variability at P2, with meridional
flow anomalies altering local ocean heat transport (Fig. 2.9e, f). The model wet
(dry) years experience an increase (decrease) in onshore winds over SWWA near
30°S (Fig. 2.9c, d), which is also apparent albeit localized in the NCEP/NCAR
data (Fig. 2.4). Anomalous ocean current fields (Fig. 2.9e, f) mostly reflect ad-
justments in Ekman transport as forced by the wind stress anomalies symptomatic
of wet and dry years. These ocean circulation changes are important for forcing
SST anomalies at pole P1 (via divergence of water from the equator) and in the

extratropics under the subpolar westerlies.

2.6. Seasonal development of climate anomalies

The focus of this paper is on year-to-year precipitation anomalies over SWWA.
Nonetheless, with the majority of SWWA rainfall occurring during austral winter
(e.g., McBride and Nicholls, 1983; Drosdowsky, 1993b), it is of interest to assess the
intra-annual development of climate anomalies associated with extreme wet and dry
years. Fig. 2.10 shows the mean monthly precipitation over SWWA over the 1000-yr
model integration and during 1970-2003 in the observed. Both model and observed
show peak rainfall occurring during June-July-August (JJA), declining gradually
to minimum rainfall during December-January-February (DJF). In both model and
observed, approximately 45% of the total annual precipitation over SWWA occurs
during JJA. To assess the seasonal development of climate anomalies associated
with extreme wet and dry years, Fig. 2.11 shows the evolution of NCEP/NCAR
SLP anomalies during dry and wet years for the period 1970-2003. A corresponding
analysis for NOAA extended reconstructed SST is presented in Fig. 2.12. In these
analyses, the seasonal composites are formed using the extreme rainfall years to
elucidate the seasonal evolution of annual climate anomalies, rather than looking
at extremes of any given season in isolation (we undertake such an analysis for
wintertime later in this section).

Fig. 2.11 reveals that on average, extreme SWWA rainfall years are character-
ized by a progressive strengthening of anomalous SLP during the progression from
summer to late winter months. This is not unexpected as peak rainfall occurs dur-
ing austral winter, with DJF precipitation less than 25% of that received during
JJA. In fact, summertime SLP anomalies in DJF (Fig. 2.11a, b) bear only weak
resemblance to the peak wintertime pressure anomalies seen in Fig. 2.1le, f. Au-
tumn (MAM), winter (JJA) and spring (SON) anomalies are all reminiscent of the

annual patterns shown in Fig. 2.3. In contrast, SST anomalies (Fig. 2.12) show
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Monthly mean SWWA rainfall
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Figure 2.10. Observed and modeled mean monthly precipitation over southwest
Western Australia in mm month"”. The observed is derived from the Australian
Bureau of Meteorology gridded rainfall chmatology during 1970-2003. The model
seasonal cycle is derived from the CSIRO 1000-yr integration. The regions of
analysis used to construct the observed and model means are shown in Figs. 2.1a
and 2.9a respectively.

greater persistence, with summertime SST patterns in DJF already exhibiting the
characteristic three-pole structure noted in the annual composites (Fig. 2.5). The
two areas of anomalous SST adjacent to SWWA (PI, P2 of Fig. 2.5) reach peak
magnitudes in wintertime (JJA) and spring (SON), but their genesis appears as
early as the preceding summer.

With our focus on interannual SWWA rainfall fluctuations, an analysis of ex-
tremes in seasonal precipitation is mostly beyond the scope of the study. We note,
nonetheless, that composite analyses of seasonal rainfall extremes reveal similar In-
dian Ocean climate states to the wet and dry scenarios described in sections 2.4
and 2.5, particularly during April-November. For example, an analysis of extended
wintertime (May-September) rainfall during 1970-2003 identifies six anomalously
dry winters (1976, 1977, 1979, 1987, 2000, 2002) and seven anomalously wet win-
ters (1973, 1974, 1983, 1988, 1992, 1996, 1999), using the +1 SD criterion adopted
previously. Fig. 2.13 shows composite SLP, winds, and SST during the wet and dry
winters identified above.

The overall pattern of anomalous SLP and SST during extreme winters is very
similar to the annual composite anomalies described previously, despite a different
selection of years in the composite statistics. Some notable differences appear in
the wind composites, which are now dominated by anomalous patterns of onshore
and offshore winds at the latitude of SWWA. Overall, the peak in surface pres-
sure anomalies appears to be shifted slightly to the south compared to the annual

composites, with a weakened tropical infiuence on SWWA during wintertime. This
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Figure 2.11. Seasonal evolution of NCEP/NCAR reanalysis SLP anomalies
(mb) for dry (left) and wet (right) SWWA years for the period 1970-2003, as
compared to the long-term climatological seasonal mean. The dashed contours
indicate where anomalies exceed the 90% significance level as estimated by a

two-tailed t-test.
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Figure 2.12. Seasonal evolution of NOAA extendeci reconstructed SST
anomalies (°C) for dry (left) and wet (right) SWWA years for the period
1970-2003, as compared to the long-term chmatological seasonal mean. The
dashed contours indicate where anomahes exceed the 90% significance level as

estimated by a two-tailed t-test.
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Figure 2.13. Composite analyses of (a, b) SLP (mb), (c, d) vector wMs (m
s-1) and (e, f) SST (°C) for dry (a, ¢, e) an@ wet (b, d, f) winters in SWWA. The
extreme winter rainfall events are defined as one standard deviation below/above
the mean rainfall during May-September (inclusive). Years included in the
composite winter analysis are given in the text. The dashed contours indicate
where anomalies exceed the 90% significance level as estimated by a two-tailed
t-test. Wind anomalies in excess of 0.5 m are significant at the 90% confidence
level, as estimated by a two-tailed t-test.

1s likely due to the increased role of extratropical cyclones during winter in feeding
moisture to SWWA, as compared to other seasons when northwest cloud bands may
dominate. Apart from these differences in composite winds, the overall patterns of
SST and SLP characteristic of SWWA winter rainfall extremes exhibit strong sim-
ilarity to the annual composites detailed in Section 2.4. Thus, our results for the

Indian Ocean climate states associated with annual SWWA rainfall extremes are
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robust when applied to an analysis of SWWA winter rainfall extremes. While not
shown here, analyses of SST, SLP and winds during austral autumn (MAM) and
spring (SON) extremes also exhibit robust features compared to those described for
the annual extremes. In contrast, composite analyses based on extreme summertime
(DJF) rainfall events show robust patterns of SST, similar to the features revealed
in Fig. 2.5, and largely robust patterns in SLP and winds during dry summers, but,
significant differences in SLP and winds for anomalously wet summers (figure not
shown).

An analysis of the climate model’s seasonal evolution of SST and wind anomalics
during wet and dry years is presented in Fig. 2.14. Like the evolution of climate
anomalies within observed wet/dry years (Figs. 2.11, 2.12), the model exhibits a
progressive amplification of anomalies in SST and atmospheric circulation towards
a wintertime peak during JJA. The composite plots suggest occan temperature
anomalies begin to develop as early as summertime, with a weak SST dipole appear-
ing at P1 and P2 in the mean DJF conditions. Wind anomalies then develop during
the ensuing months (MAM), amplifying to a pronounced large-scale acceleration
(deceleration) of the Indian Ocean mean anticyclone by wintertime (JJA) during
dry (wet) years. The wind anomalies reinforce the SST anomalics via Ekman trans-
port at P1 and air-sea fluxes at P2, yielding peak amplitude SST anomalics during
JJA. The Indian Ocean climate anomalics then begin to weaken gradually during
austral spring (SON). Thus in summary, both the model and observed extreme
years exhibit a seasonally-evolving climate signal over the Indian Ocean, appearing
to initiate in SST as early as summertime, rapidly increasing to a peak amplitude
in atmospheric circulation and SST during winter, then abating gradually during
austral spring.

2.7. Discussion and conclusions

We have assessed interannual rainfall extremes over SWWA using 34 years of
observations and reanalysis data as well as 1000 years of model output from a global
coupled climate model integration. The study arca is limited in its spatial extent
but is chosen due to its unique rainfall characteristics, which are confirmed in this
study to be of a highly localized naturc. Both the reanalysis data and the climate
model suggest SWWA rainfall extremes are linked 1o a reorganization of the large-
scale wind field over the castern and southeastern Indian Occan. The wind field
alters SST via anomalous Ekman transport in the tropical Indian Ocean and via
anomalous air-sea heat Huxes in the subtropics, as well as changing the large-scale
advection of moisture onto the SWWA coast. The resulting dipole in SST scesaws
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Figure 2.14. Seasonal evolution of SST (°C) and wind stress (N anomalies

presented as composite maps based on extreme years of SWWA rainfall in the
coupled climate model. Wind anomaly vectors of magnitude less than 0.5 x 10"
N are not shown. Anomalies are only shown where they exceed the 90%
significance level as estimated by a two-tailed t-test.
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in sign between dry and wet years, and is different from most previous definitions
of SST dipoles in the region. In particular, the dipole we linked to SWWA rainfall
exhibits peak amplitudes in the eastern Indian Ocean adjacent to the west coast of
Australia. During dry years, the SST pattern is characterized by anomalously cool
waters in the tropical eastern Indian Ocean (P1; Fig. 2.5), adjacent to a region of
unusually warm water in the subtropics off SWWA (P2). In some of the dry years,
the cool temperatures in the tropical eastern Indian Ocean are reinforced by an IOD
event. Notably, however, not all IOD events force anomalously dry conditions over
SWWA, and indeed some dry years occur in the absence of an anomalously positive
IOD phase (Fig. 2.7). In a similar manner, some (but not all) wet SWWA years
are reinforced by a negative phase in the IOD.

The fact that there is no simple relationship between interannual variability in
SWWA rainfall and the IOD suggests that other low-frequency processes are also
at play. These include the modes of subtropical and extratropical variability that
have already been described above. In addition, the proximity of the first SST
pole (P1) to the Indonesian Archipelago suggests that variations in the Indonesian
throughflow (ITF) will also drive substantial SST variability at P1. In addition, the
Leeuwin Current propagates heat content anomalies from P1 polewards along the
west coast of Western Australia, offshore of the SWWA region, and so it too likely
impacts on local wind and moisture advection anomalies in the region. These modes
of variability cannot be examined using observational data, however, as direct ocean
current measurements are too sparse. In addition, coupled climate model resolution
is inadequate to resolve the structure and speed of the Leeuwin Current. Hence,
we cannot easily assess the role of the ITF and Leeuwin Current variability in
determining SWWA rainfall in the present study.

As noted above, anomalous winds during extreme years alter SST via Ekman
transport in the tropical Indian Ocean and via air-sea heat fluxes in the subtrop-
ics. The winds also change the large-scale advection of moisture onto the SWWA
coast. At the basin scale, the anomalous winds can be interpreted as an accelera-
tion (deceleration) of the Indian Ocean climatological mean anticyclone during dry
(wet) years. In addition, dry years see a strengthening and coinciding southward
shift of the subpolar westerlies, which results in a similar southward shift of the
rain-bearing fronts associated with the subpolar front. A link is also noted between
extreme rainfall years and winds over the tropical margin of the Indian Ocean anti-
cyclonic, which reinforces the tropical eastern pole of SST described above. In this
manner, both tropical and extratropical processes in the Indian Ocean generate SST
and wind anomalies off western Australia, which are linked to moisture transport

and rainfall extremes in the region.
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Figure 2.15. Schematic diagram showing the connection between Indian Ocean
cHmate variabihty and (a) dry and (b) wet years over SWWA. SST anomalies are
shown as actual composite fields as in Fig. 2.5 (color shaded in °C). Wind
anomalies are shown schematically as bold arrow”s, pressm-e anomahes are
indicated by H (high) and L (low), and rainfall anomalies are shown using
sun/cloud symbols.

A schematic diagram depicting the major climate anomalies during dry and wet
years over SWWA 1is shown in Fig. 2.15. During dry years, a strengthening of
the northern flank of the anticyclonic wind field across the equatorial Indian Ocean
causes a shoaling of the thermocline and cool upw'elled SST off the Indonesian
coast, accounting for the simultaneously dry conditions in southeast Asia. This is
sometimes reinforced by an 10D event. The cool SST anomalies exhibit highest

magnitude adjacent to the west Australian coast (PI of Fig. 2.5). In addition, dry
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years coincide with an anomalous southward air stream over the eastern subtropical
Indian Ocean, leading to warmer air, anomalous air-sea heat fluxes, and warmer
SST centered near 100°E and 30°S (pole P2 of Fig. 2.5). Further south, the dry
year climate exhibits a strengthening and coinciding southward shift of the subpo-
lar westerlies, which results in a similar southward shift of the rain-bearing fronts
associated with the subpolar front. This leads to reduced moisture transport onto
the SWWA region. The dry year climate dynamics are more-or-less reversed during
wet years, although only a weak IOD signal is noted in the composite analyses.
During wet years, anomalously low air pressure extends over much of the region,
driving a deceleration of the Indian Ocean subtropical anticyclone. In the immedi-
ate vicinity of SWWA, winds are anomalously stronger onshore, forcing increased
moisture transport into the region. Wright (1974) found dominant winter rainfall in
SWWA to be prefrontal with moisture inflow from the ocean to the northwest, also
shown by Hope and Nicholls (2004) for wet conditions in SWWA. These findings
are consistent with the anomalous signal in SST, winds, and moisture transport in
this study during wet SWWA years.

A 1000-year integration of a coupled climate model was used to reassess the results
of the 34-year reanalysis record, particularly in view of the low number of extreme
events available in the short observational record. Analysis of the ~150 extreme
dry and wet SWWA years in the climate model simulation revealed surprisingly
similar composite anomaly patterns as those seen in the observations. The proposed
dynamics linking large-scale Indian Ocean climate to SWWA rainfall extremes, as
derived from the reanalysis data, appear robust in the coupled model. In particular,
composite model patterns of Indian Ocean winds, rainfall and SST are broadly
similar to those seen in the reanalyses and observations. The model anomalies have
smaller magnitudes than in the reanalysis fields, which is likely due to a combination
of the coarse model resolution, the model flux adjustment terms, and the fact that we
composite 150 events for each of dry and wet years. We had initially assumed that
the model would be too coarse in resolution to capture the dynamics of interannual
rainfall variability over SWWA. However, given the close correspondence between
composite climate patterns in the coupled model and the observed (both on the
annual average as well as during their seasonal evolution), and given that these
features are basin-scale in their extent, it appears that the model is resolving regional
southeast Indian Ocean climate variability rather well. Indeed, the finding that the
model agrees with the observed, despite its coarse resolution, is symptomatic of the
fact that the driving mechanisms for SWWA rainfall variability are large in scale.

An analysis of the seasonal evolution of SST, winds, and SLP during wet and dry

years revealed a progressive amplification of anomalies towards a wintertime peak
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during JJA. In both the model and observed, ocean temperature anomalies can
begin to develop as early as summertime, with an SST dipole appearing at P1 and
P2 in the composite mean DJF conditions. Wind anomalies then develop during the
ensuing months, amplifying to a pronounced large-scale acceleration (deceleration)
of the Indian Ocean mean anticyclone by wintertime during dry (wet) years. The
wind anomalies act to reinforce the SST anomalies via Ekman transport at P1
and air-sea fluxes at P2, yielding peak amplitude SST anomalies during JJA. Both
the model and observed extreme years exhibit this seasonally-evolving climate signal
over the Indian Ocean: genesis in SST as early as summertime, rapidly increasing to
maximum amplitude in atmospheric circulation and SST during winter (the season
of highest SWWA rainfall), and then gradually abating during austral spring.

Because there is evidence of a net decrease in wintertime SWWA rainfall since the
mid-1970s relative to the pre-1975 period (e.g., IOCI, 2002), it is of interest to briefly
assess whether recent multi-decadal trends in SST and SLP bear any resemblance
to the dry-year composite fields obtained in our study. We have plotted the JJA
difference in SST and SLP during the 25-yr period 1980-2004 relative to 1951-1975
in Fig. 2.16. The change in SLP is dominated by a positive trend in the SAM,
associated with an intensification of the subpolar westerly winds. In addition, a
large-scale increase in SLP has occurred at subtropical latitudes, with changes of
up to 1.4 mb centered over Western Australia - of the same sign and of higher
magnitude than the SLP anomaly seen during dry years in Fig. 2.3a. The changes
in SST during 1980-2004 relative to 1951-1975 show a pronounced warming over
the Indian Ocean, with peak magnitude near pole P2, and cooling near pole P3
— that is, temperature trends of the same sign as the characteristic SST anomaly
pattern found during dry years (Fig. 2.5a). However, the observed temperature at
P1 has warmed as well, so that the P1-P2 dipole is only ~0.3°C more pronounced
during 1980-2004 as compared to the pre-1975 period. With greater warming at
P2 than at P1, the sense of this SST trend at the P1-P2 dipole should favor drier
conditions over SWWA. In summary, there is some evidence that the post-1970
decrease in wintertime SWWA rainfall has been accompanied by a trend toward
the dry-year scenario described in this paper. This is consistent with the proposed
decadal modulation of the IOD noted by Ashok et al. (2004a). However, other
factors, such as the documented positive trend in the SAM (e.g., see analysis in
Karoly, 2003) and shifts in synoptic systems (Hope et al., 2006), are perhaps also
playing a dominant role.

The observed relationship between SWWA rainfall and Indian Ocean winds and
SST might be modulated by other phenomena, such as ENSO and the ACW. While
we did not establish a direct link between ENSO-related variability and SWWA
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Figure 2.16. Difference in the climatological mean wintertime (JJA) (a) SLP
(mb), and (b) SST (°C) during 1980-2004 relative to 1951-1975. Geostrophic wind
directions are indicated in (a) and the locations of poles P1-P3 are shown in (b).

precipitation, there are numerous climate teleconnections from the Pacific to Indian
Ocean, and so an indirect ENSO influence is quite likely. For example, the In-
donesian throughflow is thought to directly influence Indian Ocean variability (Lee
et al., 2002; Xie et al, 2002), thereby likely affecting 10D characteristics (Saji and
Yamagata, 2003b) as well as the heat content at pole PI. The sensitivity of the
Indonesian throughflow to ENSO (Meyers, 1996; Behera et al, 2000; England and
Huang, 2005) means that it is likely the climate of the tropical Pacific Ocean will
impact on SWWA rainfall via the Indian Ocean connection established in our study.
There is anecdotal evidence for this, with several of the dry years coinciding with
ENSO years in both the observations and the coupled climate model. However,
in both model and observed, the influence of ENSO on SWWA rainfall is much

less obvious than the Indian Ocean connection, and quite possibly an artifact of
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the IOD-ENSO link. Similarly, Simmonds and Rocha (1991) pointed out that the
SST pattern in the Indian Ocean region that Nicholls (1989) linked to Australian
rainfall and which is broadly reminiscent of the anomalies described here is largely
independent of ENSO.

The suggestion that the ACW impacts on Australian rainfall (White, 2000) was
not apparent in this study for the localized SWWA region. In particular, we observed
no clear circumpolar propagation of anomalies leading up to anomalous SWWA rain-
fall years in either the model or reanalysis data. In spite of this, we cannot exclude
the possibility that the pressure field across the south Indian Ocean is in some
way responding to oscillations associated with the ACW or the SAM. Large-scale
changes in extratropical air pressure affect the location and intensity of the subpolar
westerlies, which in turn control SST and moisture advection near SWWA. Separat-
ing this extratropical forcing from the tropical and subtropical signals described in
this paper is difficult as they are ultimately linked via the anticyclonic pressure sys-
tem over the Indian Ocean. We have shown how interannual rainfall extremes over
southwest Western Australia are linked to large-scale ocean-atmosphere variability
over the Indian Ocean. Future work should address the formation and evolution of
these ocean-atmosphere anomalies with a view to improving predictability of rainfall

extremes in the region.
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3.1. Abstract

The potential impact of Indian Ocean sea surface temperature (SST) anomalies
in modulating mid-latitude precipitation across southern and western regions of
Australia is assessed in a series of atmospheric general circulation model (AGCM)
simulations. Two sets of AGCM integrations forced with a seasonally evolving
characteristic dipole pattern in Indian Ocean SST consistent with observed “dry-
year” (Ppry) and“wet-year” (Pwgr) signatures are shown to induce precipitation
changes across western regions of Australia. Over Western Australia, a significant
shift occurs in the winter and annual rainfall frequency with the distribution be-
coming skewed towards less (more) rainfall for the Ppry (Pwgr) SST pattern. For
southwest Western Australia (SWWA), this shift is due primarily to the large-scale
stable precipitation. Convective precipitation actually increases in the Ppgry case
over SWWA forced by local positive SST anomalies. A mechanism for the large-
scale rainfall shifts is proposed, by which the SST anomalies induce a reorganization
of the large-scale atmospheric circulation across the Indian Ocean basin. Thickness
(1000-500 hPa) anomalies develop in the atmosphere mirroring the sign and position
of the underlying SST anomalies. This leads to a weakening (strengthening) of the
meridional thickness gradient and the subtropical jet during the austral winter in
Ppry (Pwer). The subsequent easterly offshore (westerly onshore) anomaly in the
thermal wind over southern regions of Australia, along with a decrease (increase)
in baroclinicity, result in the lower (higher) levels of large-scale stable precipita-
tion. Variations in the vertical thermal structure of the atmosphere overlying the
SST anomalies favor localized increased convective activity in Ppgy due to differen-
tial temperature lapse rates. In contrast, enhanced widespread ascent of moist air
masses associated with frontal movement in Pw g1 accounts for a significant increase

in rainfall in that ensemble set.
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3.2. Introduction

The seasonal to interannual variability in precipitation in mid-latitudes is gen-
erally assumed to be predominantly driven by internal atmospheric dynamics. In
contrast to the strong air-sea coupling in the tropics, the ocean’s role in forcing
extratropical atmospheric variability is often regarded to be of minor importance.
Kushnir et al. (2002) review the present understanding of the extratropical ocean’s
role in modulating atmospheric circulation. They find that in addition to a di-
rect thermal response in the atmospheric boundary layer to sea surface temper-
ature (SST) anomalies, there is also evidence for a significant modulation of the
large-scale atmospheric circulation. However, relative to the atmosphere’s internal
variability the ocean-induced changes are small. Nevertheless, a wealth of studies
have been inspired by the possibility of utilizing the longer persistence of anomalies
in the ocean, which in turn might modulate extratropical atmospheric variability,
for improving seasonal to interannual climate forecasts (Kushnir et al., 2002, and
references therein). Few of these studies show clear evidence that the extratropical
ocean has a major effect on the large-scale atmospheric circulation (e.g., Czaja and
Frankignoul, 1999; Rodwell et al., 1999; Sterl and Hazeleger, 2005). Many more
studies demonstrate the overriding importance of the atmosphere’s internal vari-
ability, particularly in controlling precipitation on interannual to seasonal timescales
(e.g., Harzallah and Sadourny, 1995; Rowell, 1998; Watterson, 2001). There is gen-
eral agreement that a marked contrast exists between the tropics, where 60%-80%
of climate variability is SST-forced, and the mid-latitudes where only about 20%
can be attributed to SST-forcing (Kushnir et al., 2002). In this study, we present
evidence for regional mid-latitude precipitation being significantly affected by ex-
tratropical SST on seasonal to interannual timescales in an atmospheric general
circulation model (AGCM). This study is motivated by previous observational and
model work by England et al. (2006) who find that precipitation over southwest
Western Australia (SWWA) can be linked to a recurring SST dipole pattern in the
Indian Ocean.

The first proposed link between Australian rainfall variability and SST was made
by Priestley and Troup (1966) and further explored by Streten (1981, 1983). Nicholls
(1989) describes a gradient in SST between the Indonesian region and the central
Indian Ocean highly correlated with winter rainfall extending from the northwest
to the southeast of Australia. However, he cautioned against assuming a causality,
i.e. that the SST pattern was forcing the rainfall changes. To determine whether
SST anomalies could be regarded as the cause of rainfall variations, Voice and Hunt
(1984) carried out AGCM experiments where the atmosphere was forced by SST
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anomalies similar to those found by Streten (1981, 1983). However, they find con-
flicting results, especially in southern regions of Australia. In contrast, in AGCM
experiments with idealized positive SST anomalies to the north of Australia by Sim-
monds (1990), warm anomalies to the northwest of Australia result in increased pre-
cipitation over much of the country. In further experiments, by introducing an addi-
tional cold SST anomaly to the southwest of Australia south of the warm anomalies
Simmonds and Rocha (1991) strengthen the rainfall response over Australia. The
induced SST anomalies in the AGCM experiments impact on Australian rainfall via
changes in the atmospheric circulation, rather than directly via the warmer ocean
temperatures (Simmonds et al., 1992). Frederiksen et al. (1999) use multidecadal
AGCM simulations forced with observed global SST to split the rainfall variance
over Australia into components due to SST forcing and due to internal variability.
In their experiments, the SST forcing seems to be most influential over the tropical
northern part of the country. Ansell et al. (2000b) find that observed rainfall in
southern regions of Australia has a stronger link with variations in mean sea level
pressure (MSLP) than with Indian Ocean SST. However, Frederiksen and Balgovind
(1994) use an enhanced SST gradient reminiscent of the one described by Nicholls
(1989) in AGCM simulations and record increased frequency of northwest cloud
bands and associated winter rainfall over an area extending from the northwest to
the southeast of the country. For similar regions over Australia, Ashok et al. (2003a)
link positive Indian Ocean Dipole (IOD) events with a reduction in winter rainfall
due to a baroclinic response in the atmosphere resulting in anomalous subsidence.
Applying an enhanced meridional SST gradient in the eastern Indian Ocean, Fred-
eriksen and Frederiksen (1996) demonstrate an equatorward shift of storm track
instability modes over the Australian region and an increase in the baroclinicity.
For SWWA, Smith et al. (2000) find neither Indian Ocean SST nor MSLP to be
closely linked with observed interannual rainfall variability (though they propose
that both play a role in long-term trends in the region). More recently, England
et al. (2006) identify a characteristic SST pattern and a reorganization of the large-
scale wind field over the Indian Ocean region associated with anomalous rainfall
years in SWWA in both observations and a multi-century coupled climate model
simulation. They find dry (wet) years in SWWA associated with cold (warm) SST
anomalies in the eastern Indian Ocean off the northwest shelf of Australia and warm
(cold) anomalies in the subtropical Indian Ocean. Concurrently an acceleration (de-
celeration) of the anticyclonic basin-wide wind field exists with anomalous offshore
(onshore) moisture advection over SWWA. However, it could not be determined if
the SST anomalies played a role in forcing the SWWA rainfall anomalies, or were
just symptomatic of the changed wind field. In this latter case, the wind field
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changes would be the primary cause of both the precipitation and SST anomalies
(for SST, air-sea heat flux anomalies would also play a role). The goal of this study
is to address the question of whether the SST patterns described by England et al.
(2006) are capable of driving SWWA precipitation anomalies using an ensemble set
of AGCM simulations.

SWWA is characterized by a Mediterranean-type climate dominated by wet win-
ters and dry summers (Drosdowsky, 1993a). During summer, the influence of the
subtropical high-pressure belt dominates over this region. The axis of the subtropi-
cal ridge moves equatorward in autumn and is located near the northern boundary
of SWWA (approximately 30°S) during the winter months (Gentilli, 1972). As
a consequence, moist westerly winds prevail over SWWA from late autumn into
spring. Rainfall associated with the maritime westerlies is enhanced by topography
and by the regular passage of cold fronts and associated depressions (e.g., Gentilli,
1972; Wright, 1974; IOCI, 2001). There is a general decrease in rainfall rate from
south to north over the SWWA region, but rainfall increases slightly from west to
east across the coastal plain, before declining steadily inland of the Darling Scarp
(Wright, 1974).

SWWA and its surrounds maintain a considerable proportion of Australia’s agri-
cultural production, which is heavily dependent on the winter rainfall. Since the
1970s, a dramatic decrease of about 20% has occurred in autumn and early-winter
rainfall. This is associated with an even bigger (about 40%) drop in stream in-
flow into dams (IOCI, 2001). The rainfall decline in SWWA, which is the topic of
many observational and modeling studies, has been linked to changes in large-scale
MSLP (Allan and Haylock, 1993; IOCI, 2001; Li et al., 2005a), shifts in synoptic
systems (Hope et al., 2006), changes in baroclinicity (Frederiksen and Frederiksen,
2005b, 2007), the Southern Annular Mode (Li et al., 2005b; Cai and Cowan, 2006;
Li, 2007), land cover changes (Pitman et al., 2004; Timbal and Arblaster, 2006),
and anthropogenic forcing (Cai and Cowan, 2006; Timbal et al., 2006), amongst
others, with a combination of several factors most likely playing a role. In light of
these exacerbated conditions and the need for difficult water management decisions,
a better understanding of seasonal to interannual rainfall variability in the region
is imperative. This is particularly the case as traditional Australian predictors for
rainfall variability such as the Southern Oscillation Index have very limited skill over
SWWA (Smith et al., 2000; IOCI, 2001). Improvements in seasonal rainfall forecast-
ing, as provided potentially by the greater persistence of oceanic versus atmospheric
precursors, could therefore prove valuable.

The existence of Indian Ocean precursors for seasonal forecasting of Australian
climate has been proposed in previous studies. Ashok et al. (2003a) suggest that
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links between the IOD and anomalous rainfall in affected regions could help im-
prove predictions in those areas. To improve seasonal forecasts for better agricul-
tural management in a southeastern Australian cropping region, Mclntosh et al.
(2007) incorporate information on the combined states of the IOD and El Nifo-
Southern Oscillation (ENSO). The only skillful forecast application of the ENSO-
IOD configuration they found is in the transition from an El Nifio with positive
IOD phase (e.g., in 2006), which gives approximately 90% likelihood of moving to
a more favorable rainfall pattern over southeastern Australia in the following year
(Peter McIntosh 2007, personal communication). In a coupled general circulation
model simulation, Watterson (2001) finds that the wind anomalies driving rainfall
variability over Australia are not associated with any long-term oceanic precursor.
Accordingly, he argues, little predictability can be gained from SST-rainfall rela-
tionships, as rainfall in Australia is, excepting associations with ENSO, not forced
by SST (Watterson, 2001). In this study, we will show using AGCM simulations
that Indian Ocean SST anomalies can indeed give rise to changed thermal prop-
erties in the atmosphere, modulating the large-scale atmospheric circulation, and
thus ultimately causing precipitation changes on seasonal to interannual timescales.
AGCM simulations forced by SST anomalies representative of a dry-case (wet-case)
scenario for SWWA allows us to identify causative links which might not be possible
using correlation analyses alone.

The remainder of the paper is structured as follows: In Section 3.3, the reanalysis
data and the climate model are described, as is the experimental setup and the
statistical techniques for analyzing the model output. Section 3.4 provides an as-
sessment of the suitability of the model for the present study. Section 3.5 describes
the seasonal evolution of SST anomalies used in the perturbation experiments. The
induced changes in precipitation in the experiments are presented in Section 3.6.
In Section 3.7, changes in thermal properties of the atmosphere and circulation
anomalies forced by the perturbations are described, and a mechanism is proposed

explaining the shifts in the rainfall distribution. Section 3.8 summarizes the findings.

3.3. Data and data analysis
3.3.1. Reanalysis data

To assess the model’s suitability for the present study, long-term mean fields
in the model are compared to observations across the region for sea level pressure
(SLP), surface winds, atmospheric thickness, and precipitation. Data from the Euro-
pean Centre for Medium-Range Weather Forecasting (ECMWF') 40-year reanalysis
(ERA-40) at a 2.5° latitude/longitude resolution is used for monthly SLP and sur-
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face wind fields for the period 1960-2001 (Uppala et al., 2005). The performance
of the ECMWF operational forecasts over the Indian Ocean region is assessed by
Nagarajan and Aiyyer (2004). The thickness data for 1000-500 hPa and total and
convective precipitation are taken from the National Center for Environmental Pre-
diction (NCEP) and National Center for Atmospheric Research (NCAR) reanalysis
(NNR; Kalnay et al., 1996; Kistler et al., 2001) for the same period 1960-2001. The
large-scale monthly precipitation data is taken from the Climate Prediction Cen-
ter Merged Analysis of Precipitation (CMAP; Xie and Arkin, 1996) climatology at
a 2.5° latitude/longitude resolution for the period 1979-2001. It combines several
diverse data sets, including gauge-based analyses from the Global Precipitation Cli-
matology Center, predictions by the operational forecast model of ECMWF, and
three types of satellite estimates. Across the Australian continent, precipitation ob-
servations are based on the gridded SILO data produced by the Australian Bureau
of Meteorology with 0.5° latitude/longitude resolution described in detail by Jeffrey
et al. (2001).

3.3.2. Climate model

The climate model used for our experiments is the NCAR Community Climate
System Model, version 3 (CCSM3), run in uncoupled atmosphere-only mode. The
atmospheric component of CCSM3, the Community Atmosphere Model (CAM3),
uses a spectral dynamical core, a T42 horizontal resolution (approximately 2.8°
latitude/longitude), and 26 vertical levels. The CCSM3 model, its components, and
configurations are described in Collins et al. (2006), with more CAM3 specific details
described in Hurrell et al. (2006). Several studies assess the model’s performance
and suitability for applications in climate research relevant 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), ENSO variability (Zelle
et al., 2005), and monsoon regimes (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 (ITCZ), South Pacific Convergence Zone (SPCZ;
e.g., Zhang and Wang, 2006), and ENSO spatial and temporal variability (e.g., Deser
et al., 2006). These issues will be revisited and assessed in the context of this study

in Section 3.4.

3.3.3. Experimental setup

The perturbation experiments were conducted using the NCAR CCSM3 run with
the monthly SST climatology after Hurrell et al. (2006), which is based on Reynolds
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SST (Smith and Reynolds, 2003, 2004) and Hadley Centre anomalies (Rayner et al.,
2003). An 80 year integration forced by the 12-month climatology was taken as
the control experiment (CNTRL). Two sets of perturbation experiments were car-
ried out where anomalous SST patterns were superimposed onto the climatology.
These perturbations were derived from composites of observed average monthly
SST anomalies for years defined as being extremely dry/wet over SWWA (30°-
35°S, 115°-120°E) by England et al. (2006), i.e. exceeding +1 standard deviation in
their rainfall time-series. Due to the expectation that the resultant atmospheric re-
sponse would be small compared to the natural variability, the anomalies of England
et al. (2006) were scaled by a factor of 3. Scaling the composite SST pattern by this
factor more closely represents the magnitude of SST anomalies encountered during
any particular extreme year (for details, see Section 3.5). The seasonal evolution of
the SST anomalies thus derived for the perturbed dry-year case (Ppgry) is shown
as an example in Fig. 3.1. No perturbations are applied outside the Indian Ocean
domain, i.e. the magnitude of the SST anomalies is zero there, as seen in Fig. 3.1.
Though not an exact mirror image of Ppry, anomalies for the wet-year case (Pw gr;
figure not shown) demonstrate the same general features of the opposite polarity.
Perturbation runs were started from a variety of years spanning the control run and
integrated from the start of January for one year. The ensemble set consisted of 60

positive and 60 negative one-year integrations.

3.3.4. Data analysis and statistical methods

For the purposes of our analysis, two regions are defined over which climate vari-
ables are averaged. The first represents the southwest corner of the state of Western
Australia (SWWA), delimited by lines of latitude and longitude at 30°S, 35°S, 115°E,
and 120 °E (as indicated in Fig. 3.3c). This limited region contains 11x11 obser-
vational and 3x3 model grid boxes. A second region more broadly representative
of the subtropical area of Western Australia (WA) is delimited by lines of latitude
and longitude at 21°-35°S, 115°-130°E (this larger area contains 6x6 model grid
points; see Fig. 3.3d). The tropical north of WA is excluded for the analysis, as it
is characterized by a very different rainfall regime dominated by summer monsoons.

The nonparametric Mann-Whitney rank test is used to determine the significance
level at which the rainfall frequency distribution in a particular region (SWWA and
WA) in the perturbed cases differs from the control (von Storch and Zwiers, 1999).
Throughout the study, we use a two-tailed t-test to determine the significance of
the spatial anomaly fields. This test estimates the statistical significance at which
the anomalies in Ppgry and Pwgr are distinguishable from the CNTRL at each grid

point.
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3.4. Model validation and assessment
3.4.1. Atmospheric circulation

To assess the suitability of the model for the present study, the mean annual
and seasonal state of key atmospheric variables across the Indian Ocean region is
compared between observations and the model. Annual SLP, surface winds, and
thickness are shown in Fig. 3.2. Seasonal long-term means of these variables were
also evaluated and generally demonstrated good qualitative agreement with obser-
vations (figures not shown).

The long-term annual mean SLP field in the model captures the overall Southern
Hemisphere patterns with a distinct meridional SLP gradient (Fig. 3.2a, b). How-
ever, the pattern is overly zonally symmetric (across all seasons) in mid-latitudes
compared to the observations (Sen Gupta and England, 2006), resulting in an ex-
aggerated meridional SLP gradient (Hurrell et al., 2006). The seasonal cycle in the
movement of the subtropical high pressure belt and the circumpolar trough agrees
well with observations, though the latter is too deep and positioned too far equator-
ward in winter (Hurrell et al., 2006). The overall pattern of subtropical easterlies
and mid-latitude westerlies at the surface across the Indian Ocean region is cap-
tured in the model (Fig. 3.2c, d). However, as before the zonal component in the
model is slightly overestimated with a positive bias in the mid-latitude westerlies
for the latitude band 35°-60°S compared to the observations, especially south of
Australia and toward New Zealand (Hurrell et al., 2006) and an overly strong east-
erly wind field across the central Indian Ocean, over northern parts of Australia and
extending eastward. In the subtropical easterlies this is especially apparent in the
winter half of the year (figure not shown). The meridional wind field in the model
closely matches observations (Fig. 3.2e, f), with only a slightly enhanced northerly
(southerly) component in the latitude band 40°-60°S (along eastern Africa). The
observed seasonal cycle of strengthening southerly winds across much of the Indian
Ocean during the winter months is also well represented in the model (figure not
shown). The meridional gradient in thickness is captured very well by the model
and the differences to the observations are small (Fig. 3.2g, h).

Several biases in the model have been documented previously: most notably a
spurious second ITCZ south of the equator in the Pacific and hence a poor simu-
lation of the SPCZ (Zhang and Wang, 2006). This is a problem common to many
atmospheric general circulation models (Meehl and Arblaster, 1998; Hurrell et al.,
2006). The positive bias in the tropical Pacific rainfall in both branches of the ITCZ
signifies an overly vigorous hydrological cycle there (Collins et al., 2006). The dou-
ble ITCZ problem has been linked to a bias in SST in the equatorial Pacific region
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(Arblaster et al., 2002; Zhang and Wang, 2006). This relates to the spatial pattern
of ENSO in the coupled model extending too far west in the Pacific Ocean and being
too narrowly confined to the equator (Deser et al., 2006). In the atmosphere-only
mode, these biases are less pronounced and Deser et al. (2006) speculate that they
contribute to the ENSO frequency in the coupled mode being too high (2-2.5 years;
e.g., Collins et al., 2006; Deser et al., 2006) relative to observed frequencies (3-8
years; e.g., Collins et al., 2006; Kiehl and Gent, 2004; Zelle et al., 2005). So, for the
scope of the present study and considering our focus on Indian Ocean variability, the
general structure and variability in the tropical Pacific is sufficiently well captured
by the model.

3.4.2. Precipitation

In Fig. 3.3, the model precipitation across the Indian Ocean basin is compared to
observed estimates based on CMAP data (Xie and Arkin, 1996). As climatologies
of observed rainfall differ considerably on regional and local scales, differences to
the model should be taken as qualitative only (Hurrell et al., 2006). The model
represents broad patterns of annual mean precipitation across the Indian Ocean
basin well, with increased rainfall in the tropics and lower rainfall in the region of the
subtropical high pressure belt across the eastern Indian Ocean and over Australia,
as well as Africa (Fig. 3.3a, b). However, the model shows excessive rainfall over
the Indonesian Archipelago and the Bay of Bengal compared to observations, as
the tropical maximum remains north of the equator throughout the year (Hurrell
et al., 2006). In contrast, the high rainfall region in the central equatorial Indian
Ocean receives too little rainfall. The latter discrepancy is associated with the
simulation of a double ITCZ, i.e. the persistence of ITCZ-like precipitation north
of the equator throughout the year (Hack et al., 2006), a problem common to many
general circulation models (e.g., Meehl and Arblaster, 1998; Hurrell et al., 2006;
Zhang and Wang, 2006; Zhang et al., 2007). The low-rainfall region in the eastern
subtropical Indian Ocean is too dry in the model to the west of Australia, while
south of 40°S the model is too wet across the entire Indian Ocean basin compared
to the observations, related to a positive bias poleward of the extratropical storm
tracks (Hack et al., 2006). Meehl et al. (2006) assess the seasonally varying rainfall
associated with monsoonal regimes across the tropical Indian Ocean in CCSM3 in
detail. They find the major monsoonal wind features and associated precipitation
maxima to be well simulated in the model. Future work will explore impacts of
the characteristic SST pattern used in this study on precipitation across the wider
Indian Ocean region.

Across Australia (Fig. 3.3c, d) the overall rainfall distribution, with wetter coastal
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the Indian Ocean basin (a, b) and magnified over the Australian continent (c, d)
with observed (model) on the left (right). The long-term mean in the observations
in (a) is based on CMAP data for the period 1979-2001, in (c) on the SILO data
for 1960-2001, and in (b, d) on the model fields from the 80-year control run,
though for ease of comparison between observed and model, only the first 40 years
of the control are shown). The dashed box in (¢) indicates the area used to derive
the observed and model SWWA precipitation time-series shown as annual values
in (e, f). The dashed box in (d) depicts the area termed WA. (g) presents the
long-term seasonal cycle in precipitation for the observed (solid) and model
(dashed). The power spectral density in (h) shows the observed (model) variance
for the dominant cycles in blue (red), with the dashed hnes indicating a 95%
confidence level according to white noise.
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regions especially along the northern and eastern coastline, and a very dry interior,
is simulated well, although the contrast is weaker than observed. In particular, the
increased rainfall in the tropical north extends too far inland, as can be seen in
Fig. 6b of Meehl et al. (2006). Notwithstanding these shortcomings, the seasonal
cycle with the associated precipitation regimes across the Australian continent (i.e.
winter rainfall in the south, summer monsoonal rainfall in the north) compare very
favorably with observations (figure not shown). Despite a few regional rainfall defi-
ciencies in the model, useful inferences can still be made regarding mechanisms for
change in the simulations.

The time-series for SWWA rainfall in the observations and the model (Fig. 3.3e,
f) were derived for the region outlined by the boxes in Fig. 3.3c, d (for details also
see Section 2.4). The SWWA region records on average 540 mm yr~' in the obser-
vations, while only 360 mm yr~! are received in the model. The lower rainfall in the
model is characteristic of climate models, considering its coarser resolution relative

1

to the observations. The standard deviation of 74 mm yr~' in the observations

! in the model. However, a more appropriate metric of

compares with 48 mm yr~
variability, the coefficient of variation (i.e. ratio of standard deviation and mean),
demonstrates good agreement with 0.137 and 0.133 for observations and model, re-
spectively. This indicates a comparable variability in SWWA rainfall on interannual
timescales between observations and CAMS3.

In line with the modeled annual mean precipitation, the amplitude of the sea-
sonal cycle in the total precipitation is reduced over a large part of the year (May-
November) in the model relative to the observations (Fig. 3.3g). However, the phase
of the seasonal cycle with the majority of the rainfall falling in May—September is
well reproduced. Model precipitation is given as the combination of stable large-
scale and convective components. While the SILO data set does not distinguish
these components, they are available as part of the NNR and compared to the model
components (figure not shown). For both model and reanalysis, the contribution of
large-scale precipitation is considerably less than that due to convection. In the re-
analysis, convective rainfall occurs predominantly in winter (April-October), while
it is more evenly distributed across the year in the model due to overestimated sum-
mer levels. The model large-scale precipitation in contrast is slightly higher than
the reanalyzed throughout the year, though it reproduces the reanalyzed seasonal
cycle of enhanced rainfall during April-August. Overall, the model has a higher
proportion of total rainfall due to large-scale precipitation. Further investigation
into the parametrization of precipitation in the model for convective and large-scale
rainfall, and a detailed comparison with the NNR is beyond the scope of this study.
As broad features of the relative contribution of the two components and their sea-
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sonal cycle agree between model and reanalysis, it seems reasonable to assume that
the model is sufficiently realistic in terms of SWWA precipitation to be a useful tool
to investigate precipitation characteristics. This is further suggested by a spectral
analysis of SWWA rainfall showing coincident peaks in model and observed time-
series (Fig. 3.3h; peaks at 2-3 and 10 years are significant at the 95% confidence
level).

3.5. Seasonal evolution of the SST perturbation

The SST anomalies used in the perturbation experiments are based on character-
istic observed SST patterns identified by England et al. (2006). The monthly varying
SST anomalies averaged across their anomalous dry years in SWWA are shown in
Fig. 3.1. They form the basis for the Ppgy run. England et al. (2006) found a char-
acteristic tripole pattern in Indian Ocean SST (for specific location of the poles see
Fig. 5 in England et al., 2006), consisting of one pole off the shelf to the northwest
of Australia extending northwestwards to Sumatra (named P1; centered near 15°S,
120°E), a second pole of opposite polarity in the central subtropical Indian Ocean
(P2; near 30°S, 100°E), and a third pole of the same sign as P1 to the southeast of
Madagascar (P3; near 40°S, 50°E). In the remainder of the paper we will refer to
those poles as P1, P2, and P3. This pattern gradually forms over the course of the
year becoming most prominent in late winter/early spring. Though not yet fully
formed, the cold SST anomalies at P1 appear as early as January. In contrast, the
warm anomalies at P2 are briefly revealed during January and February, but then
weaken again until in May when they re-emerge and become a persistent feature.
The anomalies in all three poles intensify until October. From November onwards,
anomalies in P1 decline, while the warm SST of P2 extends northwards and covers
the entire Indian Ocean north of 30°S by December. The seasonal evolution of the
SST perturbation during Py gr shows a similar spatial and temporal development
to Ppry, with SST anomalies of opposite polarity (figure not shown).

It is of interest to compare the seasonal evolution of the pattern and magnitude of
the composite SST anomalies used in the Ppgy simulation (Fig. 3.1) with the SST
anomalies in a particular dry year in SWWA, namely 2006. The SWWA growing
season (May to October) in 2006 was the driest ever recorded for many of the
agricultural areas in Western Australia (DAFWA, 2006). The SST anomalies of
that specific dry year were not incorporated into the Ppry forcing field, as only
extreme years prior to 2003 were included in the England et al. (2006) composites.
The seasonal evolution of SST anomalies in 2006 (Fig. 3.4) broadly matches those
in Fig. 3.1, both spatially and temporally, and in magnitude. In 2006, the SST
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anomalies at P1 and P2 intensified over the course of the year reaching maximum
values of up to £1°C in winter/early spring, which is of comparable magnitude to
the perturbations in the same months (up to £1.2°C). The close match between the
composite SST anomalies used as forcing and the 2006 SST anomalies demonstrates
that the forcing is not of an unrealistically large magnitude. The use of the composite
pattern for the forcing, rather than the pattern of a single year, allows more general
inferences about other anomalous dry/wet years to be made. Similarly in 2005, a
year with above-average precipitation across SWWA, the monthly SST anomalies
across the Indian Ocean closely mirror the Py gr SST pattern (figures not shown),
both temporally and spatially, and with anomalies of comparable magnitude. This
provides some limited evidence that the SST perturbations we apply represent a
recurring SST pattern over the Indian Ocean. Correlation of the SWWA rainfall
and Indian Ocean SST also reveals a qualitatively similar pattern with the three
poles apparent (figure not shown). An empirical orthogonal function analysis of
observed Indian Ocean SST (not shown) confirms this, with the second mode (the
first mode represents the warming of the Indian Ocean) explaining 16% of the total
variance in SST (Santoso, 2005). This is of the same order of magnitude as the SST
variance accounted for by the IOD (12%; Saji et al., 1999). The identification of
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