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Abstract 

A climatology of the tropical cyclones (TC) in Western Australia from 1945 to 2004 is investigated 

to identify the driving mechanisms for any robust patterns in cyclone activity. Most of the cyclones 

were concentrated over the ocean within the area 112ºE to 124ºE, 14ºS to 20ºS, off northwest 

Australia. The northwest coastline also experiences the greatest number of landfalling cyclones. The 

dataset shows considerable inter-annual variability in cyclone numbers, with up to ten events in high 

occurrence years and few or none in others. It also shows that the cyclones occur from November 

through to May, with greatest activity in January, February and March. Positive sea surface 

temperature (SST) anomalies off the coastline were found during the cyclone high-activity years and 

negative anomalies during the low-activity years, driven in part by changes in the strength of the 

Leeuwin Current. The two major subtropical highs over the Indian Ocean and Tasman Sea were also 

stronger in the high-activity years. The surface wind fields play an important role in the development 

of convective activity and the intensification of the Leeuwin Current. In general, the Australian 

continent is dominated by westerly winds. However, during TC high-activity years, strong anomalies 

can be found over the north part of Western Australia and across the tropical region. Correlation 

between the dominant mode of extratropical Southern Hemisphere variability - the Southern Annular 

Mode (SAM) - and relevant environmental fields demonstrate a modulation of the Leeuwin Current 

by the SAM that results in favourable SSTs for cyclone genesis and development, in the case of a 

positive phase SAM. In light of the relatively short observational time series, the robustness of the 

above results were tested against model output from the last 200 years of a long integration of the 

National Center for Atmospheric Research’s Community Climate System Model. In the model, the 

SAM accounts for about 40% of interannual variations of 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 level of exposure to tropical cyclones. It is the largest 

state of Australia and its geographical location covers both tropical and subtropical regions: WA 

extends from the deep tropics to the mid-latitudes, and is bounded by two major oceans, the eastern 

Indian Ocean and the Southern Ocean. The cyclone systems that develop over open tropical ocean 

areas are responsible for WA’s most severe weather. The cyclone systems have both adverse and 

beneficial socio-economic and environmental effects on WA. The direct effects of severe weather 

include flooding, destructive winds, soil erosion, low cloud and poor airport visibility. Additionally, 

there are indirect effects, including large wind waves and heavy swells that cause coastal flooding 

and erosion. If a tropical cyclone nears or crosses the coast at high tide, the storm surges are 

potentially devastating, particularly in semi-enclosed shallow waters, such as Exmouth Gulf near 

Onslow. Massive wind-driven waves from cyclones are a hazard to shipping and threaten drilling 

operations. The major benefit of the cyclone activity for WA is the enhanced rainfall that is supplied 

to the state’s water resources. This rainfall is vital to WA’s growing population, especially for use in 

its agricultural, manufacturing and other resource-based industries.  

The Leeuwin Current is a major feature along the WA coastline, and the longest continuous 

coastal current system in the world. It is a warm ocean current that flows southwards off the WA 

coastline, and turns eastwards at the southwest corner of WA, subsequently running into the Great 

Australian Bight. Its strength changes through the year as a result of seasonal wind direction changes 

(Griffin et al, 2001; Pearce et al. 2001). It not only has significant impacts on local fisheries and 

coastal development, but also alters surface temperature distribution patterns. It is well known that 

tropical cyclones are very sensitive to sea surface temperature (SST) (Chan et al. 2001). It is 

therefore possible that the Leeuwin Current may play a role in modulating TC activity over WA. 

This paper aims to investigate the SST and large-scale atmospheric features during years of high- 

and low-frequency cyclone activity.  
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The study of Hall et al. (2001) revealed that perturbations induced by the Madden-Julian 

Oscillation (MJO) are related to tropical cyclone variations over the Australian region. The relative 

vorticity anomalies caused by the MJO result in environmental changes conducive to large-scale 

cyclogenesis. It is also well known that the Antarctic Oscillation, or Southern Annular Mode (SAM), 

plays a dominant role in climate variability in the extratropical southern hemisphere, having 

important effects on Australian rainfall patterns (Meneghini et al., 2006). The influence of the SAM 

is not limited in the extratropical southern hemisphere, and the impacts can reach as far as the 

western North Pacific (Ho et al., 2005) through the general circulation interactions between the 

southern and northern hemispheres. Because tropical cyclone activities have close connections with 

general circulation background, it is possible that the SAM may also have a detectable effect on 

cyclone activity, even though this occurs primarily at lower latitudes than the peak SAM signal. 

Previous studies (for example Sen Gupta and England, 2006; Hall and Visbeck, 2002) have 

examined the coupled ocean-atmosphere response to SAM variations and shown that despite being 

mainly controlled by internal atmospheric mechanisms, the SAM has not only a distinct atmospheric 

signature in properties such as winds, temperature and water content but also produces a significant 

effect on both ocean circulation and SST. Ho et al. (2005) found that the cyclone activity in the 

western North Pacific can be connected with the SAM.  They revealed that during the positive phase 

of the SAM, two anomalous highs develop over the western Pacific in both hemispheres: a large 

anticyclone over southeastern Australia and a relatively weak anticyclone in the East China Sea. The 

difference in the mean TC passage numbers over the East China Sea between the high-SAM years 

and the low-SAM years is very significant. As WA sits in a region whose climate is at least in part 

controlled by the SAM, it is interesting to investigate the possible links between WA cyclone activity 

and this Southern Hemisphere climate mode. There are several previous studies that have assessed 

tropical cyclone activity over Australia (e.g. Holland et al. 2000), but these tend to focus on general 

features for the whole continent- few have dealt with cyclone activity specifically over WA.  
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This paper investigates a climatology of tropical cyclone activity in Western Australia and 

explores possible links with variations in the SAM and the Leeuwin Current. The rest of this paper is 

outlined as follows. Section 2 describes the datasets employed in the study; Section 3 discusses the 

TC climatology and features of various atmosphere-ocean fields; Section 4 analyses the relationships 

between the key variables; Section 5 outlines the modelling results, and Section 6 covers a summary 

of the main results and conclusions. 

2. The datasets 

The cyclone track data is from the Joint Typhoon Warning Center (JTWC), and the pressure and 

wind data is from the National Center for Environmental Prediction (NCEP) reanalysis dataset. 

JTWC provides an archive of tropical cyclone best track data (Chu et al., 2002), which contains 

cyclone centre locations and intensities at six-hour intervals. Three different data sources are used to 

construct the best track data: (1) the National Climate Data Center (NCDC) database, (2) a Fleet 

Numerical Meteorology and Oceanography Center (FNMOC) database and (3) the Automated 

Tropical Cyclone Forecasting System (ATCF) database (Sampson and Schrader, 2000). The data set 

covers all the tropical tracks from 1945 to 2004. This dataset is employed here to analyse the spatial 

and temporal distribution of cyclone activity over Western Australia.  

Further analysis was based on the NCEP/National Center for Atmospheric Research (NCAR) 

reanalysis dataset (Kalnay et al. 1996, Kirstler et al. 2001) that uses a state-of-the-art 

analysis/forecast system to perform data assimilation, using data from 1948 to the present.  The 

dataset covers a three-dimensional grid with a horizontal resolution of approximately 209 km and 28 

vertical sigma levels.  The assimilation process incorporates a spectral statistical interpolation 

analysis, optimal interpolation of SST reanalysis, and a one-way coupled ocean model.  The model 

includes sophisticated parameterizations of the major physical processes, including large-scale 

precipitation, deep convection, shallow convection, gravity wave drag, radiation with a diurnal cycle, 

cloud feedback processes, boundary layer physics, and vertical/horizontal diffusion processes.  The 
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output variables are classified by the degree to which they are influenced by the observations and/or 

the model. 

3. Cyclone climatology 

1)  Spatial and temporal distribution 

The following figures summarize the climatology of the tropical cyclone tracks from 1945 to 2004. 

Figure 1a shows all the tropical cyclone tracks over the region from 104ºE to 130ºE and 10ºS to 35ºS 

during this period. Along an individual track, the time interval between two dots is six-hours. As 

expected, most of the cyclones originate from the north in the tropical area, with the highest density 

of tracks concentrated over the ocean to the northwest of WA. The northwest coastline of WA 

experiences most of the landfalling cyclones. Some cyclone tracks can reach as far south as 35ºS. 

The cyclones can follow many different tracks. In most cases, the cyclones off the northwest coast 

normally move in a southwestward direction, and then follow a more southward track from around 

23ºS, finally curving to the southeast when advancing further inland. A case is Cyclone Steve in 

2000: from 5 March to 11 March Steve moved offshore near Broome (17º58¢S, 122º14¢E), heading 

southwestward and passing to the north of Port Hedland (24º 53¢S, 113º39¢E) before crossing the 

coastline.  Then it again moved offshore and followed the coast on a more southward track. After 

making its final landfall to the south of Carnarvon (20º19¢S, 118º36¢E), Steve then continued to 

move to the southeast, finally disappearing over the Great Australian Bight (Bureau of Meteorology, 

Annual Report 1999-2000, 2000).  

In order to assess the spatially-varying occurrence frequency of cyclones, the whole domain in 

Figure 1a was divided into two-degree by two-degree boxes, in which the tracks (dots) were summed. 

Figure 1b shows the frequency of occurrence of tropical cyclones in the region, demonstrating that 

the area around 122ºE, 16ºS (to the north of Broome) has the most frequent TC occurrence. In 

general, the ocean area (112ºE to 124ºE, 14ºS to 20ºS) off the northwest coast of WA shows a far 

higher frequency of cyclones than any other area in the studied domain. Along the coastline, there is 
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a notable decrease in the meridional gradient of cyclone activity south of the 20-contour, indicating 

that relatively few cyclones pass south of 26ºS. Over the inland area, the 20-contour lies almost 

parallel to the northwest coastline, while the 10 isoline extends for large distances inland to around 

120ºE, 28ºS, highlighting the relatively large numbers of tracks that curve to the southeast over WA.  

Figure 2a shows the annual number of tropical cyclones affecting WA from 1945 to 2004. The 

cyclone number was calculated by cyclone seasons rather than calendar year, for example, the 

cyclone season in 2004 covers all the cyclones from the end of year 2003 to early 2004. There is 

considerable inter-annual variability according to Figure 2a, with up to ten events in high-activity 

years and few or none in others.  In recent years, the most active years for cyclones were 1999 and 

2000 during which there were 9 and 10 events, respectively. In sharp contrast, there were only two 

cyclones recorded in 2002 and 1987. The average annual number of tropical cyclones over the period 

is 5.15, with a standard deviation of 2.28. Obviously the average number does not have much 

meaning given the large variability in the yearly frequencies of occurrence. It is well known that 

cyclones are not evenly distributed throughout a year. Figure 2b provides the average number of 

cyclones for each month during the period in the studied domain. It shows that while the cyclones in 

WA may occur from November through to May, the greatest activity occurs in January, February 

and March (JFM) when the average numbers exceed 1.0 per month. As a result this paper will 

concentrate on the JFM period for the remainder of this study.  

The tropical cyclone dataset released recently by the Bureau of Meteorology is employed here 

to further investigate the interannual variability and long-term trend (Figure 3). While the data 

quality before the 1970s when satellite data became available is questionable, it provides an 

estimation of the long-term trend in cyclone activity. The time-series of Figure 3 suggests that the 

cyclone frequency over WA has increased steadily in the last century. The 5-year moving average 

clearly shows the significant variability at inter-annual timescales. The results of a wavelet analysis 

on the unsmoothed data (not shown) reveal that the most significant cycle is 4-6 years and the 
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second most significant cycle is around 16 years. According to the analysis results by Reason and 

Rouault (2005), the AAO (SAM) Index shows its strongest power at periods of 4-5 years and 

substantial power at around 12 years. The analysis in the following sections may explain the possible 

connections between them. 

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

In order to investigate the general climatological features during TC high- and low-activity years, the 

NCEP reanalysis dataset is used to conduct a diagnostic analysis of the SST, SLP, wind and outgoing 

long-wave radiation (OLR) distributions.  

The previous section demonstrated considerable interannual variability in TC activity. Based on 

Figure 2a the following years with nine or more cyclones were selected as TC high-activity years: 

1974, 1984, 1985, 1994 and 2000. The low-activity years with two or less cyclones are: 1970, 1979, 

1988 and 2002.  

a. Sea Surface Temperature 

A stronger SST gradient can induce greater heat fluxes and hence more rapid deepening of the 

cyclone. Chan et al. (2001) found that tropical cyclones are very sensitive to SST, and respond to 

SST changes almost instantaneously. Their results showed that the change in TC intensity in 48-

hours can be about -9hPa/ºC over the ocean with SST < 27ºC. TCs also have the tendency to move to 

warm SST areas (Chang and Madala, 1980). The increased heat fluxes and convergence over a warm 

SST region provides favourable conditions for TCs, resulting in a gradual shift of TCs toward the 

warm water. Chang and Madala (1980) showed that tropical cyclones tend to move into regions of 

warmer SST when a gradient of SST is perpendicular to the mean ambient flow vector. Their results 

indicate that a warm SST area to the right side (in the Northern Hemisphere) of the environmental 

flow is more favourable for TC intensification than to the left side because of the asymmetric energy 
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exchange structures. They suggest that a tropical cyclone intensifies and shows rightward track 

deflection (in the Northern Hemisphere) when moving over warm SST. 

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

difference. In Figure 4a the 26ºC contour extends to 25ºS along the WA coastline, while in Figure 4b 

it only reaches as far as 23ºS. The SST anomaly fields, Figure 4a reveals an apparent zone of 

positive anomaly during the high-activity years with a maximum value above 0.4ºC from 22ºS to 

35ºS. The positive anomaly extends westward to 91ºE along 15ºS. The warm SST anomaly provides 

conditions favourable for enhancing cyclone activity. In contrast, there is a negative SST anomaly 

zone off the coastline of WA during the low TC years (Figure 4b). Figure 4c represents the 

difference between SST in high and low TC years, which shows that along the coastline from north 

WA to South Australia and even off Victoria, the average SSTs in high cyclone years is notably 

higher than those in the low cyclone years. 

The positive SST anomaly belt that extends from WA to Tasmania in Figure 4c occurs over a 

domain that is strongly influenced by the Leeuwin Current - the longest continuous coastal current 

system in the world. This warm ocean current flows southward off the WA coastline, turning 

eastward at the southwest corner of WA and finally flowing into the Great Australian Bight. The 

current strength changes with seasons as a result of seasonal surface wind direction changes (Pearce 

et al. 2001). Figure 5a and 5b show the anomalies of the ocean surface meridional velocity field from 

SODA data (Carton et al., 2000) in the high- and low-activity TC years, respectively. While there is 

a high degree of spatial variability in the fields, they suggest a strengthening of the Leeuwin Current 

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

Oke and England (2004) discussed the oceanic response to imposed changes in the latitude of the 

subpolar westerly winds over the Southern Ocean in a global ocean model. They found that 

latitudinal shifts caused by the SAM trend may play a significant role in generating ocean 
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temperature fluctuations. Ho et al. (2005) found that the cyclone activity in the western North Pacific 

may be connected with the AAO, or SAM. The SAM is an atmospheric mode of variability, active 

throughout the year, comprising substantial variability at synoptic, seasonal interannual and longer 

time scales. It is characterized by zonally symmetric pressure anomalies of one sign centred over 

Antarctica and anomalies of the opposite sign centred along a band between about 40ºS - 50ºS. In 

addition, it has undergone a substantial trend in recent years (Gillett and Thompson, 2003). 

Figure 5c shows the correlation between average SST in JFM from the NCEP reanalysis and the 

SAM Index from the Climate Diagnostics Branch of the National Oceanic and Atmospheric 

Administration (1979-2003). It appears that the SSTs along the WA coastline are positively 

correlated with the SAM index, with a maximum correlation coefficient above 0.4 that is significant 

at the 0.975 level. Corresponding regression fields (figure not shown), in the region off the North 

West Cape (about 22ºS, 114ºE) show an SST anomaly of around 0.5ºC associated with positive 1-

standard deviation SAM index.  Considering the SST difference across the Leeuwin Current is about 

1ºC in that area (Pearce et al. 2001), the SAM exhibits a very significant contribution to the region’s 

temperature variations. The SST correlation pattern of Figure 5c off Western Australia is remarkably 

similar to the SST composite differences shown in Figure 4c, suggesting that the SAM influences the 

SST fields in regions critical to cyclone activity. This will be discussed further in Sections 3 and 4. 

b. Sea Level Pressure (SLP) 

Figure 6a shows the average SLP field over JFM during the cyclone high-activity years. It shows 

that the Pilbara Low has a minimum centre lower than 1006hPa over northwest WA, and the 

southern border of the 1007hPa isoline extends to 25ºS. The western border of the 1008hPa isoline 

reaches as far as 108ºE. The Indian Ocean High and the Pacific High have two closed centres over 

the south Indian Ocean and the Tasman Sea, respectively. During the cyclone low-activity years 

(Figure 6b), the Pilbara Low over WA is much weaker than that in the high years. The minimum 
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centre pressure is 1007hPa, and the area covered by the 1007hPa isoline is much smaller with its 

southern border at 21ºS. On the other hand, the two major subtropical highs are weaker than in 

Figure 6a. As a result, the 850hPa jet stream over the Indian Ocean at around 25ºS is prominent in 

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

The SLP anomaly fields are also displayed in Figure 6a and 6b. As expected, there is a minimum 

negative centre at 102 ºE and 17 ºS (Figure 6a) during the TC high-activity years. Most of the 

northern part of the studied area was covered by the negative anomaly. The 0hPa anomaly isoline 

extends as far south as 42ºS. For the low TC activity years, Figure 6b reveals a large area of positive 

anomaly over the area of 100ºE-140ºE, 10ºS-45ºS which encompasses WA. Figure 6c shows the 

difference between the two composite SLP fields. The pressure system off the WA coastline during 

the high-activity years is significantly lower than that during the low-activity years, with a difference 

of more than 2.2hPa. The pressure systems over the south Indian Ocean and Tasman Sea are 

considerably stronger during the high-activity years, indicating noticeable blocking patterns during 

these years. In a similar fashion to the east coast cut-off lows, a blocking pattern can help sustain 

WA cyclones by supplying plentiful warm and moist air from the north (McInnes et al., 1992). 

c. Surface Wind Anomalies and OLR 

The surface wind anomaly composites are shown in Figure 7. Figure 7a shows that for high-activity 

years, a very strong southeastward anomaly extends from west Indonesia to northwest Australia with 

a maximum of ~1.5m/s located around 10ºS and 100ºE. Along 115ºE, the southward anomaly 

extends to 25ºS. In contrast, there is a northwestward anomaly over northwest Australia during the 

low-activity years (Figure 7b). A similar result is obtained at 850hPa level (Figure not shown). The 

surface wind anomaly can explain the apparent strengthening of the Leeuwin Current during the 

high-activity years: the monsoon winds flowing to the southeast raises sea-level towards the 

northwest shore of Australia that drives geostrophic flow southward along the WA coast. 
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Figure 8 shows the OLR composite patterns during high and low TC years.  During the high-activity 

years there is a negative anomaly across northern Australia with a minimum of -15W/m2 centred off 

the coastline off northwest WA, while during low-activity years a positive zone sits over northern 

Australia with a maximum of 15 W/m2 centred over the WA coastline. This indicates that during the 

TC high-activity years, the monsoon is active and the moisture and heat transport from the tropical 

area is stronger, resulting in more cloud cover, than during the low activity years.   

 d. Wind Anomaly Fields at 200hPa 

Gary (1984) pointed out the importance of favourable conditions at 200hPa for the formation of 

large numbers of tropical cyclones. The wind anomaly fields at 200hPa are illustrated in Figure 9. 

There is a considerable difference between the average 200hPa circulation patterns during TC high- 

and low-activity years. In general westerlies dominate the Australia continent in the long-term 

climatological mean. During TC high-activity years, strong westward anomalies can be found over 

the northern part of WA and in the tropical region (Figure 9a). The 3.3m/s isoline covers the WA 

coastline from Onslow to Port Headland (around 21ºS and 118ºE), with a maximum anomaly of 

3.6m/s located around 17ºS and 90ºE over the Indian Ocean. There are strong westward anomalies 

over northern WA, the Northern Territory and the western part of Queensland, while northwestward 

anomalies are more prevalent over the eastern part of Queensland, New South Wales and Victoria. 

During TC low-activity years, eastward anomalies are found over most of these areas (Figure 9b). 

The easterly anomalies associated with the high-activity years, in conjunction with the mean 

westerly flow, results in relatively weak vertical wind shear during these years, which is a favourable 

condition for cyclogenesis (Pielke, 1990).  

4. Correlation analysis  

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

analysis has been conducted using the SAM index and archived data from the Joint Institute for the 
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Study of the Atmosphere and Ocean at the University of Washington together with precipitation, 

OLR, and wind data from the NCEP reanalysis dataset. The SAM index is defined as the leading 

principal component of 850 hPa geopotential height anomalies south of 20ºS following Thompson 

and Wallace 2000. The correlation coefficient between the WA TC frequency and the SAM index 

during 1948-2002 is 0.31, which is significant at the 99% confidence level, much stronger than the 

correlation between TC activity and the Southern Oscillation index and that with the Indian Ocean 

Dipole index. This suggests that of the three dominant modes of climate variability surrounding 

Australia, the SAM is the most important in modulating WA tropical cyclogenesis. 

Figure 10a shows the seasonal correlation between the JFM precipitation rate and the SAM index. A 

large area of positive correlation area can be found over WA and the Northern Territory with a 

maximum value of over 0.4. A similar result can be found in the OLR field (Figure 10b) which 

shows a negative correlation zone starting in the equatorial area from 72ºE to 88ºE and expanding 

southeastward through northern WA, the Northern Territory, part of South Australia and Queensland.  

It is a clear indication that the positive SAM phase can be accompanied by increased convection and 

cloud activity in the above-mentioned regions. The OLR is often used to study the onset time and the 

geographic distributions of monsoon activity. 

Figure 11a shows the correlation between the 200hPa zonal wind and the SAM index during JFM. 

Centred along 20ºS there is a belt of negative correlation, indicating that the jet stream tends to move 

southward when the SAM index is positive. This pattern is broadly consistent with those of the TC 

composites found in Figure 9. Figure 11b shows the correlation between the surface meridional 

winds and the SAM index during JFM. There is a negative correlation zone along 125ºE over WA, 

which indicates that when the SAM is in its positive phase there is an increased southward wind 

anomaly off the WA coastline that could drive, through modified sea surface slopes, an intensified 

Leeuwin Current. Figure 12 shows the vertical structure of the seasonal correlation in JFM between 
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the average meridional wind between 10ºS and 15ºS and the SAM index. The minimum correlation 

value of <-0.5 is located around 900hPa along 105ºE. At higher altitudes, a maximum correlation of 

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

5. Modelling results from the NCAR coupled climate model 

The above results are derived from relatively short observational time-series. To assess the 

robustness of these results we now turn to a climate simulation that provides reasonable resolution 

and long-term physically consistent simulation of natural unforced variability. The model also 

includes all relevant physical quantities, including 3D oceanic circulation, which helps in identifying 

the physical mechanism of the SAM teleconnections to ocean SST and currents. This paper analyzes 

model output from the last 200 years of a 1350 year natural-variability integration of the NCAR 

Community Climate System Model Version 2 (CCSM2). There are no flux corrections for air-sea 

exchange of heat, freshwater and momentum, resulting in a more realistic representation of climate 

variability. The CCSM2 is a fully coupled climate model with interactive atmosphere, ocean, land, 

and sea-ice. A detailed description of the CCSM2 together with an analysis of the control run mean 

state and interannual variability can be found in Kiehl and Gent (2004). Further information 

regarding the model output used here together with an analysis of the SAM and its effect on the 

ocean-ice-atmosphere system is presented in Sen Gupta and England (2006). 

Figure 13 includes the regression of surface (left panel) and 100m deep (centre panel) averaged 

ocean velocity and SST anomaly on the SAM index during JFM. The regressions show that the SAM 

can contribute to the intensification of the Leeuwin Current, in particular at the surface and 100m 

level. The two figures show that two flows from the northeast and northwest directions converge off 

the WA coastline and intensify the Leeuwin Current during a positive phase of the SAM. Figure 13c 

shows the correlation of SST during JFM with the SAM index, showing that the SAM has a 

significant impact on SST. The region of maximum SST correlation around 25ºS off the coastline 
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sits in a similar location to the SST warm pool found in Figure 5c. Figure 14a and Figure 14b show 

the regression of the JFM ocean meridional velocity on the SAM index along 24ºS and 26ºS, and 

Figure 14c and Figure 14d show the associated standard deviation. It is evident that the simulated 

Leeuwin Current is quite shallow, reaching to only about 200m, with a countercurrent beneath it. 

This matches the observation that the Leeuwin Current is weak during JFM (Pearce et al. 2001). 

Comparison between Leeuwin current variability and the SAM regressions suggests that the SAM 

explains a large proportion (order (40%)) of the overall Leeuwin Current variability.  

Figure 15 shows the regression and correlation of the JFM total precipitation on the SAM index. 

There is a significant positive correlation between the SAM and the precipitation over almost the 

whole Australian continent. This is in good agreement with the large-scale positive correlation seen 

in the observations (Figure 10a). The regression field shows that the SAM can significantly affect 

rainfall, particularly over WA and the Northern Territory. 

6. Summary and conclusions 

Based on our results, it would seem that there are connections between the WA tropical cyclones, the 

SAM and the Leeuwin Current. TC genesis and tracks depend heavily on SST conditions, vertical 

wind shear structure, convergence field and steering flow. We have shown that the positive phase of 

the SAM can provide a favourable environment for WA tropical cyclone genesis.  

By influencing the surface wind fields, the SAM can affect the intensity of the Leeuwin Current. The 

Leeuwin Current plays an important role in both the climate and the marine ecosystem off Western 

Australia, and is responsible for the presence of tropical marine species off the west and south coasts 

of WA. The SAM can explain part of the variations of the current by influencing the surface winds: 

when the SAM is in its positive phase there is an increased 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 possible connections between the three phenomena: 

tropical cyclone activity, the SAM and the Leeuwin Current. In general, when the SAM is in a 

positive phase, the temperature gradient between Antarctica and the tropics increases, resulting in 

strengthened Hadley and Ferrell cells. The meridional atmospheric heat exchange therefore becomes 

stronger, as do the subtropical highs over the Indian Ocean and the Tasman Sea. At 200hpa, the 

upper level jet shifts southwards, leading to a significant divergence over northwest of WA. At 

850hPa, the low level jet over the Indian Ocean is enhanced, forming increased convergence over the 

above region. The Intertropical Convergence Zone (ITCZ) displaces polewards, causing more 

convective activity around WA, which provides a favourable environment for tropical cyclone 

genesis. At the same time, the strengthened northeasterlies over the studied area can alter sea-surface 

slopes, resulting in a stronger Leeuwin Current. Increased advection of warm tropical water by the 

strengthened Leeuwin Current generates a positive SST anomaly that also contributes to increased 

TC activity over WA. Hence, via these mechanisms and feedbacks, the SAM modulates the Leeuwin 

Current and TC activity over Western Australia.  

In this manner the SAM can explain part of the variability in WA tropical cyclone activity. 

Apparently, however, other atmospheric modes, such as ENSO and the Madden-Julian Oscillation, 

can also influence these cyclones. Hall et al. (2001) examined the relationship between the tropical 

cyclones in the Australian region and the Madden-Julian Oscillation. This relationship is 

strengthened during El Niño events. Further studies should be conducted to explore the interactions 

and the effects of the various climate modes on tropical cyclones with a view to identifying the 

significant predictors for long-term forecasts. 
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Figure 1. (a)  The cyclone tracks over WA from 1945 to 2004. A blue square indicates the start 
position; cyan squares indicate the ending position; greens dots show the 6 hour interval between 
two spots on the same track. (b) The distribution of cyclone occurrence over WA. 
 
Figure 2. (a) The annual number of cyclones from 1945 to 2004; (b) the average monthly cyclone 
number during 1945 to 2004. 
 
Figure 3. The annual number of tropical cyclones in WA from 1906 to 2004. The thin dashed line 
indicates the cyclone number; the thick dashed line is the linear trend; the solid line is the 5-year 
moving average. 
 
Figure 4.  (a) The average (solid lines) and anomaly (dashed lines) SST composites during JFM for 
the cyclone high-activity years (ºC); (b) the cyclone low-activity years; and (c)The difference 
between the SST fields of high- and low- activity TC years (ºC). 
 
Figure 5.  The ocean surface meridional velocity anomaly composites for: (a) the TC high-activity 
years (the white contour indicates areas that are significant at 90% level.);  (b) TC low-activity 
years.;  (c) The seasonal correlation between skin surface temperature (SST, ºC) in JFM and SAM 
index (1979-2003) 
 
Figure 6.  (a) The average (solid lines) and anomaly (dashed lines) SLP composite  in JFM during 
the cyclone high-activity years (hPa); (b) during the cyclone low-activity years (hPa); and (c) The 
difference between the average SLP fields in JFM during the cyclone high and low years (hPa). 
 
Figure 7.  The average JFM wind anomaly field at the surface during: (a) the TC high-activity years 
(m/s); (b) the cyclone low years (m/s). The contours denote the magnitude of wind anomaly. 
 
Figure 8.  The OLR (W/m2) anomaly composite field in JFM during: (a) the TC high-activity years; 
and (b) the TC low-activity years 
 
Figure 9.  The wind anomaly composite field at 200hPa in JFM during: (a) the TC high-activity 
years (m/s); and (b) the TC low-activity years (m/s). The contours denote the magnitude of wind 
anomaly. 
 
Figure 10.  (a) The seasonal correlation in JFM between the precipitation rate and the SAM index 
(1948-2002); and (b) the seasonal correlation in JFM between OLR and the SAM index (1948-
2002). 
 
Figure 11.  (a) The seasonal correlation in JFM between the 200hPa zonal wind and the SAM index 
(1948-2002); and (b) the seasonal correlation in JFM between the surface meridional wind and the 
SAM index (1948-2002). 
 
Figure 12.  The vertical structure of the seasonal correlation in JFM between the average meridional 
wind between 10ºS and 15ºS and the SAM index (1948-2002). 
 
Figure 13. (a) The regression of ocean surface and (b) 100m JFM averaged velocity (vectors, cm/s) 
and SST (shaded contours, ºC) for the CCSM . (c) The correlation of JFM SST with SAM for the 
CCSM simulation (mottled area not significant at 95% in panel (c)). 
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Figure 14.  JFM mean (line contours) and regressed (colour contours) ocean meridional velocity 
(mottled area not significant at 95%) along: (a) 24ºS and  (b) 26ºS; JFM mean (line contours) and 
standard deviation (colour contours) meridional velocity along: (c)  24ºS and (d) 26ºS. 
 
Figure 15. (a)  Regression and (b) correlation of JFM total precipitation on the SAM index from the 
NCAR CCSM2 modelling results (mottled area: not significant at 95%). 
 
Figure 16.  Schematic diagram of the connection between the SAM and tropical cyclone genesis over 
WA. 
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                 (a)      (b) 

 
Figure 1. (a)  The cyclone tracks over WA from 1945 to 2004. A blue square indicates the start 
position; cyan squares indicate the ending position; greens dots show the 6 hour interval between 
two spots on the same track. (b) The distribution of cyclone occurrence over WA.  
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Figure 2. (a) The annual number of cyclones from 1945 to 2004; (b) the average monthly cyclone number during 
1945 to 2004. 
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Figure 3. The annual number of tropical cyclones in WA from 1906 to 2004. The thin dashed line indicates the 
cyclone number; the thick dashed line is the linear trend; 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 anomaly (dashed lines) SST composites during JFM for the cyclone 
high-activity years (ºC); (b) the cyclone low-activity years; and (c)The difference between the SST fields of high- 
and low- activity TC years (ºC). 
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(c) Seasonal correlation between SST and SAM index 

 
Figure 5.  The ocean surface meridional velocity anomaly composites for: (a) the TC high-activity years (the white 
contour indicates areas that are significant at 90% level.);  (b) TC low-activity years.;  (c) The seasonal correlation 
between skin surface temperature (SST, ºC) in JFM and 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 anomaly (dashed lines) SLP composite  in JFM during the cyclone 
high-activity years (hPa); (b) during the cyclone low-activity years (hPa); and (c) The difference between the 
average SLP fields in JFM during the cyclone high and 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 the surface during: (a) the TC high-activity years (m/s); (b) the 
cyclone low years (m/s). The contours denote the magnitude of wind anomaly. 

 
(a) JFM OLR during high-activity years 

 
 

(b) JFM OLR during low-activity years 

  
Figure 8.  The OLR (W/m2) anomaly composite field in JFM during: (a) the TC high-activity years; and (b) the 
TC low-activity years. 
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(a) 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 200hPa in JFM during: (a) the TC high-activity years (m/s); and 
(b) the TC low-activity years (m/s). The contours denote the magnitude of wind anomaly. 

 
 
 

(a) JFM seasonal correlation between prec rate and SAM index 

 
 

(b) JFM seasonal correlation between OLR and SAM index 

  
Figure 10.  (a) The seasonal correlation in JFM between the precipitation rate and the SAM index (1948-2002); 
and (b) the seasonal correlation in JFM between OLR and the SAM index (1948-2002). 
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(a) JFM seasonal correlation between 200hPa zonal wind and SAM index 

 
 

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

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

 
 

 
Figure 12.  The vertical structure of the seasonal correlation in JFM between the average meridional wind 
between 10ºS and 15ºS and the SAM index (1948-2002). 
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      (a) Regression of surface velocity         (b) Regression of 100m velocity     (c) Correlation of SST with SAM 

 
 

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

         (a) Mean and regressed velocity along 24ºS (cm/s)           (b) Mean and regressed velocity along 26ºS (cm/s) 

 
 

         (c) Mean and Standard Deviation along 24ºS (cm/s)           (d) Mean and Standard Deviation along 26ºS (cm/s) 

 
Figure 14.  JFM mean (line contours) and regressed (colour contours) ocean meridional velocity (mottled area not 
significant at 95%) along: (a) 24ºS and  (b) 26ºS; JFM mean (line contours) and standard deviation (colour 
contours) meridional velocity along: (c)  24ºS and (d) 26ºS. 
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(a) Regression PRECIP on SAM 

 
 

(b) Correlation PRECIP on SAM 

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