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ABSTRACT5

Since the 1970s, winter rainfall over coastal Southwestern Australia (SWA) has reduced6

by 10-20% while summer rainfall has been increased by 40-50% in the semiarid inland area.7

In this paper, a K-means algorithm is used to cluster rainfall patterns directly as opposed8

to the more conventional approach of clustering synoptic conditions (usually the mean sea9

level pressure) and inferring the associated rainfall. It is shown that the reduction in the10

coastal rainfall during winter is mainly due to fewer westerly fronts in June and July. The11

reduction in the frequency of strong fronts in June is responsible for half of the reduced12

rainfall in JJA whereas the reduction in the frequency of weaker fronts in June and July13

accounts for a third of the total reduction. The increase in rainfall inland in DJF is due14

to an increased frequency of easterly troughs in December and February. These rainfall15

patterns are linked to the Southern Annular Mode (SAM) index and Southern Oscillation16

Index (SOI). The reduction in coastal rainfall and the increase in rainfall inland are both17

related to the predominantly positive phase of SAM, especially when the phase of ENSO is18

neutral.19
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1. Introduction20

Winter rainfall over coastal Southwest Western Australia (SWA) has declined by about21

10 - 20% since the 1970s (IOCI 2002) and seasonal scale droughts have increased in intensity22

and longevity in the region (Gallant et al. 2012). This reduction in rainfall has also reduced23

the dam flows by more than 50% in the region (Bates et al. 2008). In contrast, the total24

rainfall and frequency of extreme rainfall events has increased during the summer over inland25

SWA (Suppiah and Hennessy 1998; Fierro and Leslie 2012).26

A number of studies have sought to explain the mechanisms behind the coastal rainfall27

variability and declining winter rainfall since the 1970s (See IOCI 2002; Nicholls 2006, and28

references there in). The earliest of the studies have explored the role of large scale cli-29

mate modes including, but not limited to, the El Niño-Southern Oscillation (ENSO), the30

Southern Annular Mode (SAM) and the Indian Ocean temperatures in annual and seasonal31

rainfall variability (McBride and Nicholls 1983; IOCI 2002; Pezza et al. 2008). Although,32

the connection between rainfall and ENSO is weak over the coastal region of SWA compared33

to rest of the Australia (McBride and Nicholls 1983). Allan and Haylock (1993) found a34

strong relationship between declining rainfall along the SWA coast and long term Mean Sea35

Level Pressure (MSLP) anomalies. They speculated that the fluctuations in the circulation36

driving these MSLP anomalies may have been influenced by ENSO. Consistent with their37

speculation, a weak but significant correlation of JJA rainfall with the Southern Oscillation38

Index (SOI) and the Dipole Mode Index (DMI) has been reported by Risbey et al. (2009).39

Nonetheless, during the period over which SWA rainfall has decreased there has been no40

significant trend in the SOI and therefore, it cannot be linked to the long term trends in41

rainfall over the region (Chowdhury and Beecham 2010; Nicholls 2010).42

On the other hand, the reduction in winter rainfall over the coastal region has been43

found to be associated with the positive phase of the daily SAM index (Hendon et al. 2007),44

although the correlation of the coastal JJA rainfall with the monthly SAM index was found45

to be insignificant; a significant positive correlation was observed only during SON over the46
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inland region (Risbey et al. 2009). Similarly, Meneghini et al. (2007) found no long term47

association between the seasonal SAM index and seasonal rainfall in SWA. However, year-to-48

year variations in southern Australian rainfall are correlated with the SAM index (Nicholls49

2010). Feng et al. (2010) reported that the correlation of rainfall with SAM is insignificant50

when the year of 1964 is excluded from the time-series. Thus it appears that the effect of51

SAM on the changing rainfall over SWA is still uncertain. Moreover, the various correlations52

between climate indices and rainfall in all the above studies are either insignificant or barely53

exceed 0.35 and consequently cannot explain more than 12% of the variance in the SWA54

rainfall.55

Some studies have sought to explain the decrease in rainfall through changes in the56

frequency and the strength of synoptic systems in the region. A strong inverse relationship57

has been found between the coastal SWA rainfall and the MSLP over the region (Allan and58

Haylock 1993; Ansell et al. 2000; Li et al. 2005), indicating the role of large-scale circulation59

pattern in controlling the rainfall. In particular, the decline in winter rainfall has been60

associated with the reduced frequency of front-like low pressure systems over the region61

(Hope et al. 2006; Alexander et al. 2010) and the increases in both station MSLP over SWA62

and sea surface temperature (SST) over the southern Indian Ocean (Smith et al. 2000). For63

example, Risbey et al. (2013) found that the reduction in coastal JJA rainfall during 198564

to 2009 is mostly associated with the frontal systems. Despite a decrease in the number of65

low pressure systems, the mean annual frequency of fronts in the region, as deduced from66

several reanalyses, has increased during 1989–2009 (Berry et al. 2011a). It is likely that67

these conflicting conclusions can be attributed to the different methods used to identify and68

classify rain-bearing synoptic systems such as fronts, troughs and cut-off lows (Hope et al.69

2014).70

In addition to fronts, cut-off lows frequently affect SWA during winter (Qi et al. 1999).71

Although, cut-off lows produce approximately one third of the SWA rainfall during April and72

October, their contribution to rainfall in June and July is less than that at any other time73
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of the year (Pook et al. 2013). Pook et al. (2012) reported a negative trend in the intensity74

of the cut-off lows but no significant trend in their frequency. Similarly Risbey et al. (2013)75

found that the rainfall over inland SWA from cut-off lows has decreased during 1985-2009.76

Local changes in the land cover type are also thought to contribute the reduced rainfall77

along the coast and the increased rainfall over inland area (Pitman et al. 2004), although78

the magnitude of their contribution is difficult to quantify. It is also difficult to explain how79

local changes in the land cover change the frequency of fronts and troughs as summarised80

in the cluster analysis of Hope et al. (2006) or change the midlattitude storm tracks and81

position and strength of the jet stream as reported by Frederiksen and Frederiksen (2007)82

and Frederiksen et al. (2011).83

Cluster analysis is a method commonly used to classify synoptic and surface conditions84

(Stone 1989; Hope et al. 2006) or radiosonde profiles (Pope et al. 2009) into distinct weather85

regimes. From the properties of these weather regimes and their trends, inferences are drawn86

about the physical processes responsible for the associated rainfall and its trend. This ap-87

proach works well when synoptic regimes are the main focus of the study and the relationship88

between the defined weather regimes and rainfall is strong. Clustering by Euclidean distance89

characterizes both the magnitude and the pattern. In addition, for a normally distributed90

variable like MSLP, the patterns change smoothly from cluster to cluster and clusters are of91

comparable size. Experience shows that it takes many more clusters to separate the synoptic92

patterns associated with heavy rainfall. For seasonal rainfall, changes in a few heavy rain93

events may lead to large changes in the accumulation.94

In contrast to this conventional approach, the work described here takes a simple and95

more direct approach and clusters the daily rainfall directly. Due to gamma-like distribution96

of rainfall, K-means clustering always produces a large cluster for the light rain and compar-97

atively smaller clusters for the moderate and heavy rainfall events, automatically separating98

light rain days from the extreme events. Thus, there is an advantage in clustering on rainfall99

compared with other variables.100
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The technique is explained in Section 2. The results of the clustering are discussed in101

Section 3. The composite MSLP and horizontal wind are inferred for each cluster. The102

trends in each of the rainfall clusters are calculated and the monthly changes in rainfall are103

attributed to the changes in frequency and intensity of the clusters. The combined effects104

of SOI and SAM are also studied with the help of the rainfall clusters. The results are105

summarised and the conclusions are drawn in Section 4.106

2. Data and Methodology107

a. Data108

Gridded daily rainfall at 0.05◦×0.05◦ resolution are taken from Australian Water Avail-109

ability Project (AWAP, Raupach et. al., 2008a and 2008b, Jones et al. 2009). The base110

rain gauge data used in the AWAP analysis were collected at 09:00 am local time which over111

Western Australia, corresponds to 0100 UTC. The dataset is only available over the land112

and the domain used in this study is shown in Figure 1. Before clustering, all the days on113

which the mean area precipitation is less than 0.1 mm are excluded.114

The effect of the resolution of data on the resulting K-means clusters has been investi-115

gated. The original 0.05◦ resolution data were re-gridded to 0.1◦ and 0.2◦ horizontal resolu-116

tions. Coarsening the resolution from 0.05◦ to 0.1◦ had no significant effect on the cluster117

members; less than 1% of the days changed cluster. However, for the 0.2◦ resolution data,118

clusters with high rain rates and low populations lost more than 1% of their members to119

the lighter rain clusters. Using coarser data is computationally more efficient and hence120

allows the analysis to be repeated with varying configurations. For this study we have used121

0.1◦×0.1◦ resolution data.122

Daily sea level pressure (SLP) and 925 hPa wind vectors from the NCEP/NCAR Reanalysis-123

1 (Kalnay et al. 1996) are used here. The accumulation period of AWAP rain and the day of124

reanalysis data coincides within one hour of each other. Monthly SOI data, based on the pres-125
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sure differences between Tahiti and Darwin, are obtained from the Australian Bureau of Me-126

teorology (URL http://www.bom.gov.au/climate/current/soihtm1.shtml). A monthly SAM127

index representing the difference in the normalized zonal MSLP between 40◦S and 65◦S (Gong128

and Wang 1999) for the period 1948-2010 are obtained from http://ljp.lasg.ac.cn/dct/page/65572.129

b. Cluster Analysis130

The K-means clustering algorithm is a method that objectively groups n vectors of any131

dimensionality, into k clusters using the Euclidean distance as the metric of similarity (An-132

derberg 1973). Each cluster has an associated centroid, with the members of each cluster133

lying closer to the centroid than the non-members.134

Let xi be a vector representing the ith data point and let µj be the geometric centroid135

of the data points in Sj. Then the K-means algorithm partitions the data into k clusters Sj136

such that d is minimised.137

Where138

d =
k∑

j=1

∑
i∈Sj

| xi − µj |2 (1)

The days on which the area-averaged rainfall is atleast 0.1 mm are grouped into 5 clusters139

according to the Equation 1. The number of clusters k was varied between 3 and 9. Although140

the judgement was subjective, it was found that 5 clusters is a suitable choice for the current141

study as the most important synoptic and rainfall patterns are captured. Fewer than 5142

clusters may not capture all the key patterns while more than 5 clusters only divided the143

existing clusters into further clusters with similar properties.144

c. Trend and Breakpoint Analysis145

Following Catto et al. (2012b), the change in the total rainfall can be attributed to146

changes in the intensity and frequency of each cluster. The change in rainfall ∆R between147
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the two periods over a given area can be decomposed as:148

∆R =
k∑

i=1

Ni ·∆Pi +
k∑

i=1

Pi ·∆Ni +
k∑

i=1

∆Ni ·∆Pi (2)

Where Ni and Pi are the frequency of occurrence and rainfall intensity of ith regime, respec-149

tively and ∆Ni and ∆Pi are the change in frequency and intensity for each regime. The first150

and second terms in Equation 2 describe the changes in rainfall due to frequency alone and151

intensity alone, respectively. The third term represents the changes in rainfall due to the152

combination of changing intensity and frequency. As it is the product of the two changes, it153

will be small if the changes are much smaller than the values themselves.154

As pointed out in Section 1 and shown in Figure 1, rainfall in JJA along the west coast155

has declined sharply since 1970s. For this reason the two consecutive periods chosen for156

the trend analysis are 1940-1974 and 1975-2010. A breakpoint analysis on the annual time157

series of occurrences of each cluster is used to find abrupt changes in the mean occurrences158

between these two periods.159

3. Results160

a. Overview of the Changing Rainfall161

Changes in the rainfall over SWA between the two periods 1941–74 and 1975–2009 and162

the smoothed time series of the mean area rainfall from 1940–2010 are shown in Figure163

1. Most of coastal SWA received 10–15% less annual rainfall during the later period, the164

reduction being up to 20% south of Perth. In contrast, a large area to the east received165

around 25% more annual rainfall compared to the period before 1975. The second and166

third panels in Figure 1 are 5-point smoothed time series over the coastal and inland areas,167

respectively. The time series of the mean coastal area precipitation shows a decrease in JJA168

during the 1970s and a gradual decline after the 1990s. The change in the mean precipitation169

over the inland area is more gradual and spread across the seasons, although a few extreme170
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events skew the distribution in this comparatively arid region.171

The seasonal rainfall patterns and the rainfall changes between 1940-1974 and 1975-2010172

are shown as percentages and in mm day−1 in Figure 2. The highest seasonal mean rainfall173

(>5 mm day−1) is in JJA and is confined to a narrow coastal strip approximately 100 km in174

width along the south-west of Western Australia. The rain rate decreases eastward to about175

1 mm day−1. The same pattern is followed in SON although the rain rates along the coast176

lie in the range of 2–3 mm day−1. In summer (DJF), comparatively more rain falls over the177

inland area than along the coast, where totals are typically less than 0.5 mm day−1. Thus,178

the rainfall in the region shows a distinct geographic distribution and pronounced seasonal179

cycle. The patterns are also imprinted on the changes in post-1970s period. The reduction180

in MAM and JJA rainfall is mostly confined to the coastal area and the increase to the east181

is prominent during DJF but nearly absent during JJA.182

b. Rainfall Patterns183

The five rainfall clusters obtained from the K-means algorithm and their associated MSLP184

composites and wind vectors are shown in Figure 3. The monthly occurrences of each cluster185

type (except dry days) are shown in Figure 4. Dry days (38%) are designated as the cluster186

0, and are associated with persistent high pressure area over the domain. Clusters 1 is the187

most frequent (47%) and is characterized by light rain rates (<0.5 mm day−1) over most188

of the region with the moderate rain rates (1–2 mm/day) over the narrow coastal strip to189

the south and the west. A region of high pressure is located west of the western coast and190

the winds are predominantly southerly over the domain with westerlies over the Southern191

Ocean.192

Although Cluster 1 is the most frequent and occurs throughout the year, it contributes193

only about 25-30 % to the annual rainfall (see Figure 4). Clusters 2 (9%) and 3 (2%) are194

associated with heavy coastal rainfall over the southwest, decreasing northeastward. Both195

clusters are associated with front-like features in their MSLP patterns with predominantly196
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northwesterly flow over SWA. As shown in Figure 4, the occurrence of Clusters 2 and 3197

is highly seasonal (with winter maxima). They contribute approximately 70% of the JJA198

rainfall and 60% of the annual rainfall for the coastal area shown in the Figure 1. While199

Cluster 1 (47%), 4 (3.5%) and 5 (0.3%) show light to heavy rainfall over the inland area.200

Clusters 1 and 4 contribute approximately 30% and 35% of the annual rainfall over the201

inland region, respectively. Both Clusters 4 and 5 are associated with easterly winds over202

the domain and a southward extending easterly trough. Cluster 5 occurs exclusively in mid203

and late summer (January to March) and is the least frequent of all the clusters. Although204

Cluster 4 occurs throughout the year it is more frequent in summer than in winter.205

c. Trends in Rainfall Patterns206

The reduction in total annual rainfall over the coastal region between the two periods207

is approximately 10% (>50 mm) and the increase over the inland area is about 25% (>60208

mm). A large part of the reduction in coastal rainfall (up to 45 mm) occurs in JJA and209

largest increase (>35 mm) over inland area is in DJF. Figure 5 shows the contribution of210

each cluster to the total rainfall change between the two consecutive periods 1940-1974 and211

1975-2010 (see Equation 2). The major change in the rainfall is largely due to the changes212

in the frequency of different regimes while contributions from the changes in the rainfall213

intensity are small. As expected, the second order correction term is negligible and hence214

its effect is ignored here.215

Cluster 1 is the cluster that changes the least on the monthly basis, however it contributes216

>20% of reduction in the annual rainfall along the coast. The large reduction (up to 75%)217

in June and July rainfall along the west coast is due to the decreasing frequency of Clusters218

2 and 3, while the increase of up to 90% over the inland area in the summer months is due to219

the increased frequency of Clusters 4 and 5. The rainfall reduction in May and October in220

Clusters 2 and 3 is more or less compensated by an increase in the frequency of the Cluster221

4. The frequency of Cluster 4 has also increased in the winter months of July and August,222
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which may have increased the inland rainfall at the expense of the coastal rainfall in the223

winter.224

Figure 6 shows the annual occurrences of each cluster with the vertical lines showing225

breakpoints in the time series defined by the rapid changes in the means of the distributions.226

The red (solid) line marks the location of the most abrupt change in the mean and the green227

(dashed) line indicates the second strongest change. Cluster 2 has a breakpoint in late 1970s228

whereas Cluster 3 has a breakpoint in late 1960s. The frequency of both the clusters has229

fallen after the breakpoint year. However, Cluster 2 recovered from the decline in the late230

1980s while the occurrences of Cluster 3 remained low and fell further after the year 2000.231

Thus, the reduction in the frequencies of Clusters 2 and 3 explains the abrupt decrease in232

the winter rainfall in the 1970s. Note that the breakpoint in the occurrences of Cluster 3233

after 2000 is the weaker of the two. A large reduction in the light rain days during 1990s234

suggests that the reduction in rainfall over last two decades is largely due to the reduction in235

light rain days associated with westerlies and it may include very weak fronts. A reduction236

(increase) of approximately 15 light rain (dry) days per annum has occurred since 1990;237

implying the frequency of dry days has increased at the expense of light rain days.238

The breakpoints of Clusters 4 and 5 more or less coincide with the breakpoints found239

in other clusters. In particular, there is an increase in the occurrence of Cluster 4 around240

1975 and a reduction after 2000; there is also a considerable (> 50%) increase in Cluster 5241

in the early 1990s. Thus, the increment in summer rainfall over the inland area is due to242

the increased frequency of rainy days associated with easterly troughs.243

d. Effect of SAM and ENSO on the Rainfall244

To assess the effect of the SOI and SAM on the rainfall clusters, the monthly rainfall from245

each cluster is plotted for each combination of the three phases of ENSO and two phases of246

SAM. A month is categorised as Neutral when the SOI lies between ±8, El Niño when the247

SOI is less than -8 and La Niña when the SOI exceeds 8. For the brevity, only four months,248
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namely June, July, December and February, are shown in the Figures 7-8. The effect of the249

ENSO and SAM combination is dramatically different in some adjacent months.250

In June (Figure 7), a positive phase of SAM coupled with a neutral ENSO phase is251

associated with reduced rainfall along the coast from the Clusters 2 and 3. The rainfall from252

the Cluster 3 is approximately 5 mm per month when the SAM is positive but 16 mm per253

month when its negative. Similarly, the rainfall from Cluster 2 changes from 22 mm per254

month to 17 mm per month when SAM shifts from a negative to a positive phase. In a255

La Niña phase however, rainfall from the light rain cluster and the westerly fronts clusters256

(Clusters 1 and 2) increases to more than double that in the positive SAM phase. In contrast,257

the coastal rainfall in July for a positive phase of SAM is approximately 20% lower than258

in a negative phase of SAM irrespective of the phase of ENSO. Overall, a positive phase of259

SAM is associated with the reduction of the coastal rainfall in all the ENSO phases. El Niño260

is the least favourable condition for coastal rainfall when SAM is negative, although when261

SAM is positive, neutral ENSO and El Niño phases are both associated with lower coastal262

rainfall, thus increasing the frequency of drier periods over the region.263

In December (Figure 8), a positive phase of SAM is associated with an increase in the264

rainfall from Cluster 4 by 2-6 times in all the phases of ENSO. Except during an El Niño265

phase, the positive phase of SAM also tends to increase the light rainfall from the Cluster 1.266

Similarly, February rainfall from Cluster 4 increases in positive phases of SAM. During an267

El Niño, however, a negative SAM is accompanied by increases in the coastal rainfall from268

the strong westerly fronts (Cluster 3). Thus, the effect of ENSO phases on the SWA rainfall269

is highly dependent on the SAM mode.270

Figure 9 shows monthly area averaged rainfall for June, July, December and February271

for the six combinations of ENSO and SAM phases. Note that before 1975 the combination272

of neutral ENSO and negative SAM (NENS) in June arose 13 times whereas it occurred273

only 4 time in June during 1975-2010. On the other hand, the combination of neutral ESNO274

with positive SAM (NEPS) in June increased from 4 prior to 1975 to 15 following 1975. The275
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number of El Nino events in June also increased significantly from 4 to 11. Similarly, in July276

months with NENS fell from 17 to 9 whereas months with NEPS rose from 5 to 10. Thus,277

since the mid 1970s the most favourable conditions for coastal rainfall in June-July have278

changed to the least favourable. Over the inland region, increasing December and February279

rainfall since 1975 is associated with a reduction in the frequency of NENS months and an280

increase in the frequency of NEPS months. An increased frequency in La Niñas and positive281

phase of SAM may also have increased the rainfall over this region in summer.282

4. Discussion283

The above results show that clustering on rainfall patterns is a useful technique for284

studying rainfall changes as a function of synoptic conditions and also in linking these changes285

to large-scale climate modes such as ENSO and SAM. The study shows that the major decline286

in the winter rainfall over the coastal SWA is due to the overall reduction in the frequency of287

westerly fronts, particularly strong fronts. Moreover, the increase in rainfall over the inland288

area of SWA is the result of an increased frequency of easterly troughs in December and289

February. Both the reduction in winter and the increase in summer rainfall are shown to290

depend on the phases of both SAM and ENSO; the positive phase of SAM is associated291

with reduced (enhanced) winter (summer) rainfall in all the three ENSO phases. Also the292

neutral phase of ENSO in combination with the positive phase of SAM occurred more often293

in the post-1970s than the earlier period and such a combination is associated with reduced294

rainfall from westerly fronts and increased rainfall from easterly troughs.295

The K-means clustering method bins rainfall according to the magnitude and geographic296

distribution, giving separate classes for the coastal and inland rainfall, and separate classes297

for heavy events and light or the moderate events. Clustering on rainfall patterns is an298

important aspect of the study presented here as it allows for a direct and consistent estima-299

tion of the change (or trend) in the rainfall associated with any cluster. Experience shows300
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that clustering on MSLP (Hope et al. 2006; Alexander et al. 2010) or any other smooth301

variable does not clearly differentiate heavy rainfall conditions from the more frequent light302

rain conditions. Moreover, dry days dominate all such clusters. Changes in comparatively303

less frequent heavy events can cause significant changes in the mean rainfall as is evident in304

case of Clusters 3 and 5 in this study.305

The results are qualitatively consistent with the earlier studies (Hope et al. 2006; Alexan-306

der et al. 2010) over coastal SWA showing that the decreasing frequency of fronts is mainly307

responsible for the declining rainfall. Moreover, the results reported here support the conclu-308

sion that a large fraction of the decline (more than 50%) in JJA is due to the fewer occurrence309

of strong fronts. It appears that the conditions after the 1970s have reduced the number of310

fronts in general and prevented the strengthening of the frontal systems. The decrease in the311

number of strong fronts has contributed more to the decline in rainfall than the decrease in312

weak fronts. This result was also noted by Nicholls et al. (1997). The current study shows313

that the reduction in rainfall in the 1970s was mainly due to fewer fronts whereas an increase314

in the number of dry days, associated with the persistent high, is responsible for the recent315

decline in the 1990s (see Figure 6). A reduction in the frequency of fronts did not increase316

the number of dry days in the 1970s and the change in light rain days was also small.317

The increased rainfall over the inland area is due to an increase in the frequency of318

raining easterly troughs, although, without any objective method to identify such troughs,319

it is difficult to know whether the frequency of all troughs (both wet and dry) changed during320

this period. Recently, a front detection method used in Berry et al. (2011b) showed a higher321

frequency of fronts in DJF as compared to JJA and an increasing trend in annual frequency322

of fronts over SWA (Berry et al. 2011a). Using the same method Catto et al. (2012a) showed323

that a large fraction of the DJF rainfall is connected to warm fronts whereas JJA rainfall is324

mainly connected to cold fronts. It is likely that many of the fronts over Western Australia325

detected by Berry et al. (2011b) are associated with the easterly troughs and the increase326

in the number of summer time easterly troughs is reflected in the annual increase of the327
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number of fronts. As the frequency of frontal clusters (i.e., Clusters 2 and 3) fell in the 1970s328

and the data used by Berry et al. (2011a) only starts in 1989, this reduction is not evident329

in their study. A more focused study using objective analysis is required to determine the330

seasonal trends in fronts, troughs and cut-off lows in this area.331

Hendon et al. (2007) concluded that the effect of SAM is comparable to the effect of the332

ESNO on coastal SWA rainfall in winter. Moreover, the current results suggest that a positive333

phase of SAM dramatically affects the development of fronts in winter and also strengthens334

easterly troughs in summer, producing up to 5 times the rainfall in some situations (Figure335

8). The effect of SAM on rainfall is most pronounced during the neutral phase of ENSO,336

which occurs more often than the El Niño and La Niña phases combined. For example, during337

1948-2010 only 22 Julys were classified as El Niño or La Niña but 41 Julys were neutral.338

Consequently, the phase of SAM has much greater influence during these neutral months,339

resulting in a long term trend in SWA rainfall. In addition, the change in ENSO from El340

Niño to neutral condition significantly affects the monthly rainfall whereas the change from341

neutral to La Niña only slightly affects it. In contrast to the results of Meneghini et al.342

(2007) and Risbey et al. (2009), the monthly SAM index is shown to strongly influence SWA343

rainfall. This difference could be due to the inability of correlation analysis to capture the344

exact strength of the non-linear and interdependent relationship between rainfall and the345

SAM index.346

A reduction in the strength of the southern hemispheric subtropical jet stream and an347

associated poleward displacement of the storm tracks is linked to the declining coastal rainfall348

in winter (Frederiksen and Frederiksen 2007; Frederiksen et al. 2011) and enhancing the349

inland rainfall in summer. During the positive phase of SAM, the poleward shift in the350

subtropical jet increases the precipitation at the poleward flank of the jet and decreases it351

over the subtropical latitudes in winter (Hendon et al. 2014). In summer, a southward shift352

in the westerlies associated with positive phase of SAM allows easterly troughs to penetrate353

more frequently into higher latitudes.354
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Recent Climate Model Inter-comparison Project simulations (CMIP5) for this century,355

using the RCP4.5 greenhouse gas emission scenario, show a very weak negative trend in the356

SAM index, in contrast a strong positive trend is projected when the RCP8.5 scenario is used357

(Zheng et al. 2013). Polade et al. (2014) also showed 10–20 fewer rainy days and at least358

a 10% reduction in the total annual rainfall over SWA in CMIP-5 models for the RCP8.5359

emmision scenario, compared to the historical simulations. In the light of these results, the360

current study should be extended using CMIP5 simulations of SAM, ENSO and rainfall over361

SWA.362
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Fig. 1. (a) Percent change in rainfall over southwestern Australia between the two periods
1941-75 and 1976-2010. Time series of annual and seasonal mean area rainfall (land only)
over (b) coast and (c) inland regions as shown in (a). The seasonal and annual time series
are smoothed using 5-point spline.

23



Fig. 2. Mean seasonal rainfall for 1940-2010 (left panels) and changes over southwestern
Australia between two periods 1941-75 and 1976-2010 shown in mm day−1 (middle panels)
and as a percentage change (right panels).
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Fig. 3. Five rainfall clusters obtained from K-means clustering of the AWAP data for the
period 1940–2010 are shown along with the corresponding MSLP (red contours), 500 hPa
gepotential height (blue contours) and wind vectors from the NCEP reanalysis data for the
period 1948–2010. The frequency of occurrences of clusters are shown at the top-left corner
of each rainfall panel. These regimes are named as: 0 Dry days, 1 Light Rain, 2 Weak
Westerly Front, 3 Strong Westerly Front, 4 Weak Easterly Trough, and 5 Strong Easterly
Trough.
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Fig. 4. a) Mean monthly occurrences of the rainfall clusters. b) Mean monthly accumulation
of rainfall associated with the clusters.
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Fig. 5. Decomposition of monthly precipitation changes between the two periods into fre-
quency and intensity for each cluster according to Equation 2. The change in precipitation
due to the change in a) intesity of the daily rainfall, b) frequency of rainy days, and c) the
change due to the third term of Equation 2. The total precipitation change between the two
periods is shown in (d).
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Fig. 6. Time series of the annual occurrences of each cluster type (light blue lines) and the
5-year running average (black lines). The vertical lines show breakpoints indicating abrupt
changes in the mean occurrences. The stronger breakpoint is shown as a solid red line and
a weaker breakpoint is shown as a dotted green line.
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Fig. 7. The combined effect of the monthly phases of ENSO and SAM on monthly rainfall
associated with each cluster during 1948-2010 for a) June and b) July. The number of months
in each category and the total mean area monthly rainfall are listed at the top of each panel.
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Fig. 8. Same as Figure 7 but for a) December and b) February.
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Fig. 9. A 5-point running average of the monthly rainfall time series for a) June, b) July,
c) December and d) February. Monthly rainfall accumulations are plotted with the colored
symbols corresponding to SAM-ENSO combinations as shown in Figure 7 and 8.
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