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Abstract
A climatology of the tropical cyclones (TC) in West Australia from 1945 to 2004 is investigated
to identify the driving mechanisms for any robuatterns in cyclone activity. Most of the cyclones
were concentrated over the ocean within the aré®Elio 124°E, 14°S to 20°S, off northwest
Australia. The northwest coastline also experiertcegyreatest number of landfalling cyclones. The
dataset shows considerable inter-annual variabilityyclone numbers, with up to ten events in high
occurrence years and few or none in others. It sitgawvs that the cyclones occur from November
through to May, with greatest activity in JanuaBgbruary and March. Positive sea surface
temperature (SST) anomalies off the coastline vierad during the cyclone high-activity years and
negative anomalies during the low-activity yeansyeh in part by changes in the strength of the
Leeuwin Current. The two major subtropical highgmthe Indian Ocean and Tasman Sea were also
stronger in the high-activity years. The surfacadiields play an important role in the development
of convective activity and the intensification dfet Leeuwin Current. In general, the Australian
continent is dominated by westerly winds. Howewderjng TC high-activity years, strong anomalies
can be found over the north part of Western Austrahd across the tropical region. Correlation
between the dominant mode of extratropical SoutktEnmisphere variability - the Southern Annular
Mode (SAM) - and relevant environmental fields destoate a modulation of the Leeuwin Current
by the SAM that results in favourable SSTs for opel genesis and development, in the case of a
positive phase SAM. In light of the relatively shobservational time series, the robustness of the
above results were tested against model output th@rlast 200 years of a long integration of the
National Center for Atmospheric Research’s Comnyu@iimate System Model. In the model, the
SAM accounts for about 40% of interannual variagioof the Leeuwin Current, and shows
connections to SST in the key area of cyclogenesis.
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1. Introduction

Western Australia (WA) has an unusually high lesfeéxposure to tropical cyclones. It is the largest
state of Australia and its geographical locationers both tropical and subtropical regions: WA
extends from the deep tropics to the mid-latitu@es] is bounded by two major oceans, the eastern
Indian Ocean and the Southern Ocean. The cyclostersg that develop over open tropical ocean
areas are responsible for WA’s most severe wealilftes.cyclone systems have both adverse and
beneficial socio-economic and environmental effectsWA. The direct effects of severe weather
include flooding, destructive winds, soil erositmy cloud and poor airport visibility. Additionally
there are indirect effects, including large windves and heavy swells that cause coastal flooding
and erosion. If a tropical cyclone nears or crogbescoast at high tide, the storm surges are
potentially devastating, particularly in semi-ersgd shallow waters, such as Exmouth Gulf near
Onslow. Massive wind-driven waves from cyclones arleazard to shipping and threaten drilling
operations. The major benefit of the cyclone attifor WA is the enhanced rainfall that is supplied
to the state’s water resources. This rainfall talwo WA'’s growing population, especially for use

its agricultural, manufacturing and other resourased industries.

The Leeuwin Current is a major feature along the Wastline, and the longest continuous
coastal current system in the world. It is a waream current that flows southwards off the WA
coastline, and turns eastwards at the southwesecof WA, subsequently running into the Great
Australian Bight. Its strength changes throughyibar as a result of seasonal wind direction changes
(Griffin et al, 2001; Pearce et al. 2001). It notyohas significant impacts on local fisheries and
coastal development, but also alters surface testyrer distribution patterns. It is well known that
tropical cyclones are very sensitive to sea surf@eeperature (SST) (Chan et al. 2001). It is
therefore possible that the Leeuwin Current may plaole in modulating TC activity over WA.
This paper aims to investigate the SST and largieesatmospheric features during years of high-

and low-frequency cyclone activity.



The study of Hall et al. (2001) revealed that pdwations induced by the Madden-Julian
Oscillation (MJO) are related to tropical cyclorariations over the Australian region. The relative
vorticity anomalies caused by the MJO result iniemmental changes conducive to large-scale
cyclogenesis. It is also well known that the AntarOscillation, or Southern Annular Mode (SAM),
plays a dominant role in climate variability in tlextratropical southern hemisphere, having
important effects on Australian rainfall patteridefieghini et al., 2006). The influence of the SAM
is not limited in the extratropical southern herhisge, and the impacts can reach as far as the
western North Pacific (Ho et al., 2005) through tfemeral circulation interactions between the
southern and northern hemispheres. Because trapickdne activities have close connections with
general circulation background, it is possible ttied SAM may also have a detectable effect on
cyclone activity, even though this occurs primaatyiower latitudes than the peak SAM signal.

Previous studies (for example Sen Gupta and Engl2add6; Hall and Visbeck, 2002) have
examined the coupled ocean-atmosphere respons&Mov&riations and shown that despite being
mainly controlled by internal atmospheric mecharsisthe SAM has not only a distinct atmospheric
signature in properties such as winds, temperatndewater content but also produces a significant
effect on both ocean circulation and SST. Ho et(2005) found that the cyclone activity in the
western North Pacific can be connected with the SAWey revealed that during the positive phase
of the SAM, two anomalous highs develop over thestemm Pacific in both hemispheres: a large
anticyclone over southeastern Australia and aivelgtweak anticyclone in the East China Sea. The
difference in the mean TC passage numbers oveEdlse China Sea between the high-SAM years
and the low-SAM years is very significant. As WAssin a region whose climate is at least in part
controlled by the SAM, it is interesting to invegtie the possible links between WA cyclone activity
and this Southern Hemisphere climate mode. Thexeseweral previous studies that have assessed
tropical cyclone activity over Australia (e.g. Hatld et al. 2000), but these tend to focus on génera

features for the whole continent- few have dealhwyclone activity specifically over WA.



This paper investigates a climatology of tropicgtlone activity in Western Australia and
explores possible links with variations in the SAd the Leeuwin Current. The rest of this paper is
outlined as follows. Section 2 describes the dé&asmployed in the study; Section 3 discusses the
TC climatology and features of various atmosphe®@aa fields; Section 4 analyses the relationships
between the key variables; Section 5 outlines thdeatiing results, and Section 6 covers a summary
of the main results and conclusions.

2. The datasets

The cyclone track data is from the Joint Typhoorriey Center (JTWC), and the pressure and
wind data is from the National Center for Enviromta Prediction (NCEP) reanalysis dataset.
JTWC provides an archive of tropical cyclone beatk data (Chu et al., 2002), which contains
cyclone centre locations and intensities at sixrhiotervals. Three different data sources are tised
construct the best track data: (1) the Nationam@te Data Center (NCDC) database, (2) a Fleet
Numerical Meteorology and Oceanography Center (FNXIM@atabase and (3) the Automated
Tropical Cyclone Forecasting System (ATCF) datal§&senpson and Schrader, 2000). The data set
covers all the tropical tracks from 1945 to 200H4isTdataset is employed here to analyse the spatial
and temporal distribution of cyclone activity owsestern Australia.

Further analysis was based on the NCEP/NationateCéar Atmospheric Research (NCAR)
reanalysis dataset (Kalnay et al. 1996, Kirstler adt 2001) that uses a state-of-the-art
analysis/forecast system to perform data assimilatusing data from 1948 to the present. The
dataset covers a three-dimensional grid with azilootal resolution of approximately 209 km and 28
vertical sigma levels. The assimilation processoiporates a spectral statistical interpolation
analysis, optimal interpolation of SST reanalysisd a one-way coupled ocean model. The model
includes sophisticated parameterizations of theomahysical processes, including large-scale
precipitation, deep convection, shallow convectgmayity wave drag, radiation with a diurnal cycle,

cloud feedback processes, boundary layer physnckyartical/horizontal diffusion processes. The



output variables are classified by the degree tmhvthey are influenced by the observations and/or
the model.

3. Cyclone climatology

1) Spatial and temporal distribution

The following figures summarize the climatologytbé tropical cyclone tracks from 1945 to 2004.
Figure 1a shows all the tropical cyclone tracksrdkie region from 104°E to 130°E and 10°S to 35°S
during this period. Along an individual track, theme interval between two dots is six-hours. As
expected, most of the cyclones originate from themin the tropical area, with the highest density
of tracks concentrated over the ocean to the nashwf WA. The northwest coastline of WA
experiences most of the landfalling cyclones. Saywone tracks can reach as far south as 35°S.
The cyclones can follow many different tracks. lnsincases, the cyclones off the northwest coast
normally move in a southwestward direction, andhtf@low a more southward track from around
23°S, finally curving to the southeast when advagndurther inland. A case is Cyclone Steve in
2000: from 5 March to 11 March Steve moved offshoear Broome (17°%8, 122°14), heading
southwestward and passing to the north of Port &hebl(24° 58, 113°3€) before crossing the
coastline. Then it again moved offshore and foldwhe coast on a more southward track. After
making its final landfall to the south of Carnarv(@0°193S, 118°3€@), Steve then continued to
move to the southeast, finally disappearing overGheat Australian Bight (Bureau of Meteorology,
Annual Report 1999-2000, 2000).

In order to assess the spatially-varying occurrdreguency of cyclones, the whole domain in
Figure la was divided into two-degree by two-dedp@ees, in which the tracks (dots) were summed.
Figure 1b shows the frequency of occurrence ofi¢edryclones in the region, demonstrating that
the area around 122°E, 16°S (to the north of Brgdmas the most frequent TC occurrence. In
general, the ocean area (112°E to 124°E, 14°S°®) 20f the northwest coast of WA shows a far

higher frequency of cyclones than any other ardherstudied domain. Along the coastline, there is



a notable decrease in the meridional gradient ooy activity south of the 20-contour, indicating

that relatively few cyclones pass south of 26°SerCwe inland area, the 20-contour lies almost
parallel to the northwest coastline, while the 4@line extends for large distances inland to around
120°E, 28°S, highlighting the relatively large nwarsof tracks that curve to the southeast over WA.

Figure 2a shows the annual number of tropical eyesoaffecting WA from 1945 to 2004. The
cyclone number was calculated by cyclone seasaherréghan calendar year, for example, the
cyclone season in 2004 covers all the cyclones fileenend of year 2003 to early 2004. There is
considerable inter-annual variability accordingRigure 2a, with up to ten events in high-activity
years and few or none in others. In recent yeghesmost active years for cyclones were 1999 and
2000 during which there were 9 and 10 events, otisqedy. In sharp contrast, there were only two
cyclones recorded in 2002 and 1987. The averaggaannmber of tropical cyclones over the period
is 5.15, with a standard deviation of 2.28. Obvipuke average number does not have much
meaning given the large variability in the yeangduencies of occurrence. It is well known that
cyclones are not evenly distributed throughout ary€&igure 2b provides the average number of
cyclones for each month during the period in thelisd domain. It shows that while the cyclones in
WA may occur from November through to May, the ¢getactivity occurs in January, February
and March (JFM) when the average numbers exceeger.Gnonth. As a result this paper will
concentrate on the JFM period for the remaindéhisfstudy.

The tropical cyclone dataset released recentlyhbyBureau of Meteorology is employed here
to further investigate the interannual variabilapd long-term trend (Figure 3). While the data
quality before the 1970s when satellite data becawelable is questionable, it provides an
estimation of the long-term trend in cyclone at¢jiviThe time-series of Figure 3 suggests that the
cyclone frequency over WA has increased steadilthenlast century. The 5-year moving average
clearly shows the significant variability at intennual timescales. The results of a wavelet arglysi

on the unsmoothed data (not shown) reveal thatnbst significant cycle is 4-6 years and the



second most significant cycle is around 16 yearsofding to the analysis results by Reason and
Rouault (2005), the AAO (SAM) Index shows its syest power at periods of 4-5 years and
substantial power at around 12 years. The analysie following sections may explain the possible

connections between them.

2) Comparison of high-activity and low-activity yea

In order to investigate the general climatologfealtures during TC high- and low-activity years th
NCEP reanalysis dataset is used to conduct a dstigramalysis of the SST, SLP, wind and outgoing

long-wave radiation (OLR) distributions.

The previous section demonstrated considerableamteal variability in TC activity. Based on
Figure 2a the following years with nine or more lopes were selected as TC high-activity years:
1974, 1984, 1985, 1994 and 2000. The low-activégrg with two or less cyclones are: 1970, 1979,

1988 and 2002.

a. Sea Surface Temperature

A stronger SST gradient can induce greater heaes$ltand hence more rapid deepening of the
cyclone. Chan et al. (2001) found that tropicallages are very sensitive to SST, and respond to
SST changes almost instantaneously. Their reshtwed that the change in TC intensity in 48-
hours can be about -9hPa/°C over the ocean with<S&PC. TCs also have the tendency to move to
warm SST areas (Chang and Madala, 1980). The swddaeat fluxes and convergence over a warm
SST region provides favourable conditions for Tf@sulting in a gradual shift of TCs toward the
warm water. Chang and Madala (1980) showed thatdab cyclones tend to move into regions of
warmer SST when a gradient of SST is perpendi¢alé#nie mean ambient flow vector. Their results
indicate that a warm SST area to the right sidel@Northern Hemisphere) of the environmental

flow is more favourable for TC intensification themthe left side because of the asymmetric energy



exchange structures. They suggest that a tropiabree intensifies and shows rightward track

deflection (in the Northern Hemisphere) when mowrgr warm SST.

Figure 4 shows the average SST fields in JFM dutveghigh- and low-activity TC years and their

difference. In Figure 4a the 26°C contour extenda5°S along the WA coastline, while in Figure 4b
it only reaches as far as 23°S. The SST anomalgsfid-igure 4a reveals an apparent zone of
positive anomaly during the high-activity yearstwa maximum value above 0.4°C from 22°S to
359S. The positive anomaly extends westward to @8&g 15°S. The warm SST anomaly provides
conditions favourable for enhancing cyclone adfivih contrast, there is a negative SST anomaly
zone off the coastline of WA during the low TC y&gFigure 4b). Figure 4c represents the
difference between SST in high and low TC yeardclwkhows that along the coastline from north
WA to South Australia and even off Victoria, theeeage SSTs in high cyclone years is notably

higher than those in the low cyclone years.

The positive SST anomaly belt that extends from WATasmania in Figure 4c occurs over a
domain that is strongly influenced by the Leeuwmri@nt - the longest continuous coastal current
system in the world. This warm ocean current floseaithward off the WA coastline, turning
eastward at the southwest corner of WA and finfiiwing into the Great Australian Bight. The
current strength changes with seasons as a rdssdasonal surface wind direction changes (Pearce
et al. 2001). Figure 5a and 5b show the anomafidsecocean surface meridional velocity field from
SODA data (Carton et al., 2000) in the high- ang-&ztivity TC years, respectively. While there is
a high degree of spatial variability in the fieltlsey suggest a strengthening of the Leeuwin Ctirren

in the high-activity years, and a weakening offtbes in the low-activity years.

Oke and England (2004) discussed the oceanic respmnimposed changes in the latitude of the
subpolar westerly winds over the Southern Oceara iglobal ocean model. They found that

latitudinal shifts caused by the SAM trend may playsignificant role in generating ocean



temperature fluctuations. Ho et al. (2005) fourat the cyclone activity in the western North Pacifi
may be connected with the AAO, or SAM. The SAM isaamospheric mode of variability, active
throughout the year, comprising substantial valiigbat synoptic, seasonal interannual and longer
time scales. It is characterized by zonally symmgiressure anomalies of one sign centred over
Antarctica and anomalies of the opposite sign eeh&long a band between about 40°S - 50°S. In

addition, it has undergone a substantial trenéaemt years (Gillett and Thompson, 2003).

Figure 5¢ shows the correlation between average iSSJFM from the NCEP reanalysis and the
SAM Index from the Climate Diagnostics Branch ok tiNational Oceanic and Atmospheric
Administration (1979-2003). It appears that the §Salong the WA coastline are positively
correlated with the SAM index, with a maximum ctatn coefficient above 0.4 that is significant
at the 0.975 level. Corresponding regression fi¢ldsire not shown), in the region off the North
West Cape (about 22°S, 114°E) show an SST anorhasoond 0.5°C associated with positive 1-
standard deviation SAM index. Considering the 88fErence across the Leeuwin Current is about
1°C in that area (Pearce et al. 2001), the SAMb#teha very significant contribution to the regisn’
temperature variations. The SST correlation patéffigure 5c off Western Australia is remarkably
similar to the SST composite differences shownigufe 4c, suggesting that the SAM influences the

SST fields in regions critical to cyclone activitiyhis will be discussed further in Sections 3 and 4

b. Sea Level Pressure (SLP)

Figure 6a shows the average SLP field over JFMndutine cyclone high-activity years. It shows
that the Pilbara Low has a minimum centre lowemtli®06hPa over northwest WA, and the
southern border of the 1007hPa isoline extend$%8.2The western border of the 1008hPa isoline
reaches as far as 108°E. The Indian Ocean HiglirenBacific High have two closed centres over
the south Indian Ocean and the Tasman Sea, resggctburing the cyclone low-activity years

(Figure 6b), the Pilbara Low over WA is much weak&n that in the high years. The minimum
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centre pressure is 1007hPa, and the area coverdtkll007hPa isoline is much smaller with its
southern border at 21°S. On the other hand, thentamr subtropical highs are weaker than in
Figure 6a. As a result, the 850hPa jet stream theeindian Ocean at around 25°S is prominent in

the TC high-activity years (Figure not shown).

The SLP anomaly fields are also displayed in Figiaeand 6b. As expected, there is a minimum
negative centre at 102 °E and 17 °S (Figure 6angluhe TC high-activity years. Most of the
northern part of the studied area was covered byndgative anomaly. The OhPa anomaly isoline
extends as far south as 42°S. For the low TC &ctyeiars, Figure 6b reveals a large area of pesitiv
anomaly over the area of 100°E-140°E, 10°S-45°®hmancompasses WA. Figure 6¢ shows the
difference between the two composite SLP fields pressure system off the WA coastline during
the high-activity years is significantly lower thdrat during the low-activity years, with a diffece

of more than 2.2hPa. The pressure systems ovesdbth Indian Ocean and Tasman Sea are
considerably stronger during the high-activity yweandicating noticeable blocking patterns during
these years. In a similar fashion to the east coasoff lows, a blocking pattern can help sustain

WA cyclones by supplying plentiful warm and moistfeom the north (Mclnnes et al., 1992).

c. Surface Wind Anomalies and OLR

The surface wind anomaly composites are showngarEi7. Figure 7a shows that for high-activity
years, a very strong southeastward anomaly exfemghswest Indonesia to northwest Australia with
a maximum of ~1.5m/s located around 10°S and 10Bf&ng 115°E, the southward anomaly
extends to 25°S. In contrast, there is a northwaashwnomaly over northwest Australia during the
low-activity years (Figure 7b). A similar resultabtained at 850hPa level (Figure not shown). The
surface wind anomaly can explain the apparent gtiheming of the Leeuwin Current during the
high-activity years: the monsoon winds flowing tieetsoutheast raises sea-level towards the

northwest shore of Australia that drives geostropllow southward along the WA coast.
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Figure 8 shows the OLR composite patterns durigh bnd low TC years. During the high-activity
years there is a negative anomaly across northestralia with a minimum of -15W/frcentred off
the coastline off northwest WA, while during lowtiaty years a positive zone sits over northern
Australia with a maximum of 15 W/ntentred over the WA coastline. This indicates thatng the
TC high-activity years, the monsoon is active amel moisture and heat transport from the tropical

area is stronger, resulting in more cloud covanttiuring the low activity years.
d. Wind Anomaly Fields at 200hPa

Gary (1984) pointed out the importance of favowratbnditions at 200hPa for the formation of
large numbers of tropical cyclones. The wind angnfi@lds at 200hPa are illustrated in Figure 9.
There is a considerable difference between theagee20O0hPa circulation patterns during TC high-
and low-activity years. In general westerlies damenthe Australia continent in the long-term
climatological mean. During TC high-activity yeasttong westward anomalies can be found over
the northern part of WA and in the tropical regigigure 9a). The 3.3m/s isoline covers the WA
coastline from Onslow to Port Headland (around 24A8 118°E), with a maximum anomaly of
3.6m/s located around 17°S and 90°E over the Ind@ean. There are strong westward anomalies
over northern WA, the Northern Territory and thesteen part of Queensland, while northwestward
anomalies are more prevalent over the easternop&ueensland, New South Wales and Victoria.
During TC low-activity years, eastward anomalies found over most of these areas (Figure 9b).
The easterly anomalies associated with the highigctyears, in conjunction with the mean
westerly flow, results in relatively weak vertiagind shear during these years, which is a favoerabl

condition for cyclogenesis (Pielke, 1990).
4. Correlation analysis

To investigate the possible connections between tWpical cyclones and the SAM, a correlation

analysis has been conducted using the SAM indexaastdved data from the Joint Institute for the
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Study of the Atmosphere and Ocean at the UniverditiWashington together with precipitation,
OLR, and wind data from the NCEP reanalysis datad®s SAM index is defined as the leading
principal component of 850 hPa geopotential heagiumalies south of 20°S following Thompson
and Wallace 2000. The correlation coefficient bemvéhe WA TC frequency and the SAM index
during 1948-2002 is 0.31, which is significant lag ©9% confidence level, much stronger than the
correlation between TC activity and the Southergi@gion index and that with the Indian Ocean
Dipole index. This suggests that of the three damirmodes of climate variability surrounding

Australia, the SAM is the most important in moduigtWA tropical cyclogenesis.

Figure 10a shows the seasonal correlation betweedRM precipitation rate and the SAM index. A
large area of positive correlation area can be doover WA and the Northern Territory with a
maximum value of over 0.4. A similar result canfband in the OLR field (Figure 10b) which
shows a negative correlation zone starting in tpeatorial area from 72°E to 88°E and expanding
southeastward through northern WA, the Northernifoey, part of South Australia and Queensland.
It is a clear indication that the positive SAM paa&sin be accompanied by increased convection and
cloud activity in the above-mentioned regions. OieR is often used to study the onset time and the

geographic distributions of monsoon activity.

Figure 11a shows the correlation between the 20@oRal wind and the SAM index during JFM.
Centred along 20°S there is a belt of negativestattion, indicating that the jet stream tends toveno
southward when the SAM index is positive. This @attis broadly consistent with those of the TC
composites found in Figure 9. Figure 11b shows dbeelation between the surface meridional
winds and the SAM index during JFM. There is a tiggacorrelation zone along 125°E over WA,
which indicates that when the SAM is in its pogtighase there is an increased southward wind
anomaly off the WA coastline that could drive, tigh modified sea surface slopes, an intensified

Leeuwin Current. Figure 12 shows the vertical strrecof the seasonal correlation in JFM between
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the average meridional wind between 10°S and 15683Fe SAM index. The minimum correlation
value of <-0.5 is located around 900hPa along 10AfHigher altitudes, a maximum correlation of

>+0.5 can be found near 180hPa along 133°E.

5. Modelling results from the NCAR coupled climatemodel

The above results are derived from relatively shasservational time-series. To assess the
robustness of these results we now turn to a céirsahulation that provides reasonable resolution
and long-term physically consistent simulation @ftural unforced variability. The model also
includes all relevant physical quantities, inclgBD oceanic circulation, which helps in identifyin
the physical mechanism of the SAM teleconnectionscean SST and currents. This paper analyzes
model output from the last 200 years of a 1350 yedural-variability integration of the NCAR
Community Climate System Model Version 2 (CCSM2)efle are no flux corrections for air-sea
exchange of heat, freshwater and momentum, reguhim more realistic representation of climate
variability. The CCSM2 is a fully coupled climateodel with interactive atmosphere, ocean, land,
and sea-ice. A detailed description of the CCSMfetioer with an analysis of the control run mean
state and interannual variability can be found ireHK and Gent (2004). Further information
regarding the model output used here together anttanalysis of the SAM and its effect on the

ocean-ice-atmosphere system is presented in Seta @Gng England (2006).

Figure 13 includes the regression of surface fpeftel) and 100m deep (centre panel) averaged
ocean velocity and SST anomaly on the SAM indexndu¥FM. The regressions show that the SAM
can contribute to the intensification of the Leemv@urrent, in particular at the surface and 100m
level. The two figures show that two flows from thertheast and northwest directions converge off
the WA coastline and intensify the Leeuwin Curréuating a positive phase of the SAM. Figure 13c
shows the correlation of SST during JFM with theMsAndex, showing that the SAM has a

significant impact on SST. The region of maximumrS®rrelation around 25°S off the coastline
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sits in a similar location to the SST warm poolridun Figure 5c. Figure 14a and Figure 14b show
the regression of the JFM ocean meridional velogitythe SAM index along 24°S and 26°S, and
Figure 14c and Figure 14d show the associated atdrdkviation. It is evident that the simulated
Leeuwin Current is quite shallow, reaching to oabjout 200m, with a countercurrent beneath it.
This matches the observation that the Leeuwin @uriseweak during JFM (Pearce et al. 2001).
Comparison between Leeuwin current variability dnel SAM regressions suggests that the SAM

explains a large proportion (order (40%)) of thera¥ Leeuwin Current variability.

Figure 15 shows the regression and correlatiorhefJ+M total precipitation on the SAM index.

There is a significant positive correlation betweba SAM and the precipitation over almost the
whole Australian continent. This is in good agreatmeith the large-scale positive correlation seen
in the observations (Figure 10a). The regressield shows that the SAM can significantly affect

rainfall, particularly over WA and the Northern Tigory.

6. Summary and conclusions

Based on our results, it would seem that there@neections between the WA tropical cyclones, the
SAM and the Leeuwin Current. TC genesis and tratggsend heavily on SST conditions, vertical
wind shear structure, convergence field and stgdlaw. We have shown that the positive phase of

the SAM can provide a favourable environment for W@pical cyclone genesis.

By influencing the surface wind fields, the SAM calfect the intensity of the Leeuwin Current. The
Leeuwin Current plays an important role in both theate and the marine ecosystem off Western
Australia, and is responsible for the presenceagfi¢al marine species off the west and south soast
of WA. The SAM can explain part of the variatiorfstiee current by influencing the surface winds:
when the SAM is in its positive phase there is r@raased southward wind anomaly off the WA

coastline that can intensify the Leeuwin Current.
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Figure 16 shows a schematic diagram of the possilamections between the three phenomena:
tropical cyclone activity, the SAM and the Leeuwurrent. In general, when the SAM is in a
positive phase, the temperature gradient betwedarética and the tropics increases, resulting in
strengthened Hadley and Ferrell cells. The meraliatmospheric heat exchange therefore becomes
stronger, as do the subtropical highs over thealmddcean and the Tasman Sea. At 200hpa, the
upper level jet shifts southwards, leading to anificant divergence over northwest of WA. At
850hPa, the low level jet over the Indian Oceagnisanced, forming increased convergence over the
above region. The Intertropical Convergence ZorkCH) displaces polewards, causing more
convective activity around WA, which provides a davable environment for tropical cyclone
genesis. At the same time, the strengthened naitiréias over the studied area can alter sea-&urfac
slopes, resulting in a stronger Leeuwin Currentrédased advection of warm tropical water by the
strengthened Leeuwin Current generates a posit8/e &homaly that also contributes to increased
TC activity over WA. Hence, via these mechanisnt f@aedbacks, the SAM modulates the Leeuwin

Current and TC activity over Western Australia.

In this manner the SAM can explain part of the afaifity in WA tropical cyclone activity.
Apparently, however, other atmospheric modes, sitcBENSO and the Madden-Julian Oscillation,
can also influence these cyclones. Hall et al. 2@Xamined the relationship between the tropical
cyclones in the Australian region and the Madddiadu Oscillation. This relationship is
strengthened during El Nifio events. Further studiesild be conducted to explore the interactions
and the effects of the various climate modes opi¢ed cyclones with a view to identifying the

significant predictors for long-term forecasts.
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Figure 1. (&) The cyclone tracks over WA from 19452004. A blue square indicates the start
position; cyan squares indicate the ending positgwaens dots show the 6 hour interval between
two spots on the same track. (b) The distributibayalone occurrence over WA.

Figure 2. (a) The annual number of cyclones from51l® 2004; (b) the average monthly cyclone
number during 1945 to 2004.

Figure 3. The annual number of tropical cyclone$MA from 1906 to 2004. The thin dashed line
indicates the cyclone number; the thick dashed ibnéhe linear trend; the solid line is the 5-year
moving average.

Figure 4. (a) The average (solid lines) and angr(ddshed lines) SST composites during JFM for
the cyclone high-activity years (°C); (b) the cywolow-activity years; and (c)The difference
between the SST fields of high- and low- activi§@ Years (°C).

Figure 5. The ocean surface meridional velocitgnaaly composites for: (a) the TC high-activity
years (the white contour indicates areas that @eifisant at 90% level.); (b) TC low-activity
years.; (c¢) The seasonal correlation between skiface temperature (SST, °C) in JFM and SAM
index (1979-2003)

Figure 6. (a) The average (solid lines) and angr{@gdshed lines) SLP composite in JFM during
the cyclone high-activity years (hPa); (b) durithg ttyclone low-activity years (hPa); and (c) The
difference between the average SLP fields in JFNhduhe cyclone high and low years (hPa).

Figure 7. The average JFM wind anomaly field atgbrface during: (a) the TC high-activity years
(m/s); (b) the cyclone low years (m/s). The condadgnote the magnitude of wind anomaly.

Figure 8. The OLR (W/A) anomaly composite field in JFM during: (a) the fWigh-activity years;
and (b) the TC low-activity years

Figure 9. The wind anomaly composite field at 288hn JFM during: (a) the TC high-activity
years (m/s); and (b) the TC low-activity years (m/Ehe contours denote the magnitude of wind
anomaly.

Figure 10. (@) The seasonal correlation in JFMvbeh the precipitation rate and the SAM index
(1948-2002); and (b) the seasonal correlation ikl Hetween OLR and the SAM index (1948-
2002).

Figure 11. (a) The seasonal correlation in JFMveeh the 200hPa zonal wind and the SAM index
(1948-2002); and (b) the seasonal correlation i bietween the surface meridional wind and the
SAM index (1948-2002).

Figure 12. The vertical structure of the seascpaielation in JFM between the average meridional
wind between 10°S and 15°S and the SAM index (ZDO2).

Figure 13. (a) The regression of ocean surface(lan@dOOm JFM averaged velocity (vectors, cm/s)

and SST (shaded contours, °C) for the CCSM . (€ ddrrelation of JFM SST with SAM for the
CCSM simulation (mottled area not significant a¥®t panel (c)).
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Figure 14. JFM mean (line contours) and regregsebbur contours) ocean meridional velocity
(mottled area not significant at 95%) along: (aY24nd (b) 26°S; JFM mean (line contours) and
standard deviation (colour contours) meridionabe#l along: (c) 24°S and (d) 26°S.

Figure 15. (a) Regression and (b) correlationFdfl Jotal precipitation on the SAM index from the
NCAR CCSM2 modelling results (mottled area: nongigant at 95%).

Figure 16. Schematic diagram of the connectiowéeh the SAM and tropical cyclone genesis over
WA.
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(@) (b)

Figure 1. (&) The cyclone tracks over WA from 19452004. A blue square indicates the start
position; cyan squares indicate the ending positgwaens dots show the 6 hour interval between
two spots on the same track. (b) The distributibayalone occurrence over WA.
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Figure 2. (a) The annual number of cyclones from 5 to 2004; (b) the average monthly cyclone numbeluring
1945 to 2004.
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Figure 3. The annual number of tropical cyclones iWA from 1906 to 2004. The thin dashed line indicais the
cyclone number; the thick dashed line is the lineatrend; the solid line is the 5-year moving average
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(a) JFM SST for cyclone high-activity years

(b) JFM SST for cyclone low-activity years

(c) The difference between the above two SSTs

Figure 4. (a) The average (solid lines) and anomaldashed lines) SST composites during JFM for theyclone
high-activity years (°C); (b) the cyclone low-actiity years; and (c)The difference between the SSTeflds of high-
and low- activity TC years (°C).
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(c) Seasonal correlation between SST and SAM index

Figure 5. The ocean surface meridional velocity amaly composites for: (a) the TC high-activity yeas (the white
contour indicates areas that are significant at 90%evel.); (b) TC low-activity years.; (c) The sesonal correlation
between skin surface temperature (SST, °C) in JFMrad SAM index (1979-2003).
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(a) JFM SLP during high-activity years

(b) JFM SLP during low-activity years

(c) The difference between the above SLP fields

Figure 6. (a) The average (solid lines) and anoma(dashed lines) SLP composite in JFM during theyclone
high-activity years (hPa); (b) during the cyclonedw-activity years (hPa); and (c) The difference b&teen the
average SLP fields in JFM during the cyclone highd low years (hPa).
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(a) JFM surface wind anomaly during high-activity years

(b) JFM surface wind anomaly during low-activity years

Figure 7. The average JFM wind anomaly field at te surface during: (a) the TC high-activity years (n's); (b) the
cyclone low years (m/s). The contours denote the gnaitude of wind anomaly.

(a) JFM OLR during high-activity years

(b) JFM OLR during low-activity years

Figure 8. The OLR (W/n?) anomaly composite field in JFM during: (a) the TChigh-activity years; and (b) the
TC low-activity years.
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(@) JFM 200 hPa wind anomaly during high years

(b) JFM 200 hPa wind anomaly during low years

Figure 9. The wind anomaly composite field at 200Pa in JFM during: (a) the TC high-activity years (m's); and
(b) the TC low-activity years (m/s). The contours dnote the magnitude of wind anomaly.

(a) JFM seasonal correlation between prec rate an8AM index

(b) JFM seasonal correlation between OLR and SAM inelx

Figure 10. (a) The seasonal correlation in JFM bateen the precipitation rate and the SAM index (1942002);
and (b) the seasonal correlation in JFM between OLRind the SAM index (1948-2002).
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(a) JFM seasonal correlation between 200hPa zonaiwd and SAM index

(b) JFM seasonal correlation between surface meridnal wind and SAM index

Figure 11. (a) The seasonal correlation in JFM beteen the 200hPa zonal wind and the SAM index (194®02);
and (b) the seasonal correlation in JFM between thsurface meridional wind and the SAM index (1948-20R).

Figure 12. The vertical structure of the seasonalorrelation in JFM between the average meridional wd
between 10°S and 15°S and the SAM index (1948-2002)
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(a) Regression of surface velocity (b) Regjozsof 100m velocity (c) Correlation of SSTwBAM

Figure 13. (a) The regression of ocean surface aiid) 100m JFM averaged velocity (vectors, cm/s) ar8iST
(shaded contours, °C) for the CCSM . (c) The corration of JFM SST with SAM for the CCSM simulation
(mottled area not significant at 95% in panel (c)).

(a) Mean and regressed velocity along 24°S (cm/s)  (b) Mean and regressed velocity along 26¢8n/s)

(c) Mean and Standard Deviation along 24°S (cm/s) (d) Mean and Standard Deviation along 26°9@m/s)

Figure 14. JFM mean (line contours) and regresse@olour contours) ocean meridional velocity (mottld area not
significant at 95%) along: (a) 24°S and (b) 26°SJFM mean (line contours) and standard deviation (clour
contours) meridional velocity along: (c) 24°S an¢d) 26°S.
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(a) Regression PRECIP on SAM

(b) Correlation PRECIP on SAM

Figure 15. (a) Regression and (b) correlation ofkRM total precipitation on the SAM index from the NCAR
CCSM2 modelling results (mottled area: not signifiant at 95%).
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Figure 16. Schematic diagram of the connection beten the SAM and tropical cyclone genesis over WA.
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