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ABSTRACT

Over the past century, and especially after the 1970s, rainfall observations show an increase (decrease) of the wet
summer (winter) season rainfall over northwest (southwest) Western Australia. The rainfall in central west Western
Australia (CWWA), however, has exhibited comparatively much weaker coastal trends, but a more prominent inland
increase during the wet summer season. Analysis of seasonally averaged rainfall data from a group of stations,
representative of both the coastal and inland regions of CWWA, revealed that rainfall trends during the 1958-2010
period in the wet months of November-April were primarily associated with El Nifio-Southern Oscillation (ENSO),
and with the southern annular mode (SAM) farther inland. During the wet months of May-October, the Indian Ocean
dipole (I0D) showed the most robust relationships. Those results hold when the effects of ENSOor 10D are
excluded, and were confirmed using a principal component analysis of sea surface temperature (SST) anomalies,
rainfall wavelet analyses, and point-by-point correlations of rainfall with global SST anomaly fields. Although
speculative, given their long-term averages, reanalysis data suggest that from 1958 to 2010 the increase
inCWWAinland rainfall largely is attributable to an increasing cyclonic anomaly trend over CWWA, bringing onshore
moist tropical flow to the Pilbara coast. During May-October, the flow anomaly exhibits a transition from an
onshore to offshore flow regime in the 2001-10 decade, which is consistent with the observed weaker drying trend
during this period. [PUBLICATION ABSTRACT]
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increase during the wet summer season. Analysis of seasonally averaged rainfall data from a group of stations,
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onshore to offshore flow regime in the 2001-10 decade, which is consistent with the observed weaker drying trend
during this period.

1. Introduction

Relationships between rainfall variability in Western Australia (WA) and large-scale climate drivers have been
studied extensively. The climate drivers include the Antarctic Oscillation (AAO), also known as the southern
annular mode (SAM; Gong and Wang 1999; Thompson and Solomon 2002; Nan and Li 2003); El Nifilo-Southern
Oscillation (ENSO) and ENSO-related standard indices such as Nifio-1-4 and El Nifio Modoki (Ashok et al. 2007);
the Indian Ocean dipole (I0D; Saji et al. 1999; Webster et al. 1999); the Madden-Julian oscillation (MJO; Wheeler
and Hendon 2004); and atmospheric blocking (Coughlan 1983; Mcintosh et al. 2008). These drivers have been
investigated over the past two decades owing to the impacts of the observed changes and regional variations in
rainfall trends. Because of its relatively larger population, the vast majority of studies of WA rainfall hitherto have
focused largely on southwest Western Australia (SWWA), revealing significant insights into the physical
mechanisms behind the observed long-term rainfall deficit, especially since the early 1970s. Because of its much
smaller population, relatively fewer studies have focused on the contrasting increase in rainfall observed over
northwest Western Australia (NWWA) during the same period [Fig. 1, courtesy of the Australian Bureau of
Meteorology (BoM)]. However, to the authors’ knowledge there have been no studies dedicated to the central west
Western Australian region (CWWA), defined here as the area enclosed within 208-308S, coast-1208E (Fig. 1).
Rainfall trends are influenced both by the wet months of November to April (NOVAPR) in north and central CWWA
(latitude ;208-258S), and by the wet months of May to October (MAYOCT) in south CWWA (latitude ;308S). For
these reasons, a succinct overview of the current state of knowledge of the relationships between rainfall
variability and large-scale climate drivers in NWWA and SWWA is presented, following a brief introduction
highlighting the importance of the CWWA region.

In recent years, both coastal and inland CWWA have experienced important socioeconomic growth. In the last
several decades, the mining industry growth has warranted the construction and expansion of existing ports and
railways, particularly near Port Hedland and, more generally, the Pilbara region of CWWA. Agriculturally, the
semiarid climate of CWWA primarily is used for sheep and cattle grazing, whereas the coastal region has a major
fishing industry (http://www.pdc.wa. gov.au). The value of the oil, gas, and mining industries alone is estimated to
be over 70 billion U.S. dollars (http://www.pdc.wa.gov.au). Demands for CWWA resources have increased during
the last half-century, related to the increased demand from a growing population in Australia and worldwide. A
recent boom in these industries in CWWA has led to an increase in reliable, sustainable water supply needs
(Stokes et al. 2008). Rainfall trends for inland CWWA during the last few decades have shown an overall increase
during the wet summer season [December-February (DJF)], with comparatively weak drying trends along the coast
(Figs. 1 and 2). These recent changes in rainfall patterns remain critical for freshwater supply to population growth
and for resource and ecological sustainability. Further complicating the problem are the impacts of tropical lows,
including landfalling tropical cyclones (TCs), the rainfall from which often comprises of the bulk of the total annual
precipitation in the otherwise arid CWWA (e.g., Pook et al. 2012). In particular, the Pilbara coast near Port Hedland
(PH in Fig. 2) has experienced more landfalling tropical systems than any other part of Australia, thereby posing a
major threat to the local onshore and offshore mining and fishing industries, peaking during the month of February
(http://www.bom. gov.au/cyclone/history/wa/pthed.shtml). This is particularly the case for inland CWWA, where
wet summer season (DJF) rainfall has been increasing since the 1970s (Fig. 1b). Finally, in ecological
terms,CWWAIs home to world heritage sites and wildlife parks. For example, Shark Bay entered the World Heritage
listin 1991 as a host site for endangered species.

Since the early 1970s there has been a positive trend (increase) in average annual rainfall overNWWAwhile, in the
same time period, decadal-scale droughts have affected much of Australia (Fig. 1 and BoM). Long-term rainfall
over southern Australia, including SWWA, is projected to decrease further in the next decades (BoM;
http://www.climatechangeinaustralia.gov.au/natrain10. php). The drought in SWWA (Fig. 1) already has produced
a chronic freshwater deficit, with associated impacts on both urban and rural areas (Solomon et al. 2007; Bureau



of Meteorology 2010).

The influence of ENSO on Australian rainfall has long been known (e.g., Walker 1923; Nicholls 1985; Risbey et al.
2009; Cai et al. 2011b,d,e). El Nifio (La Nifia) events are associated with anomalously low (high) rainfall over most
of eastern Australia (e.g., McBride and Nicholls 1983; Ropelewski and Halpert 1987; Timbal et al. 2006; Wang and
Hendon 2007; Ashok et al. 2007; Chowdhury and Beecham 2010; Speer et al. 2011). The connection between
Indian Ocean sea surface temperature (SST) and Australian rainfall variations was shown by Nicholls (1989),
Ashok et al. (2007), and Ummenhofer et al. (2008). Recent research focusing on WA has sought to determine the
influence of SST fields from their impact on 10D events (Webster et al. 1999; Saji et al. 1999; Cai et al. 2011b,d,e).
These studies have linked 10D with Australian winter rainfall variations, stretching from the northwest to the
southeast of the continent (e.g., Ashok et al. 2003; Saji and Yamagata 2003; England et al. 2006; Ashok et al. 2007;
Ummenhofer at al. 2008, 2009; Risbey et al. 2009; Murphy and Timbal 2008; Hope et al. 2010). Ummenhofer et al.
(2008) found that Indian Ocean SST anomalies extend beyond correlations, to actually forcing variations in SWWA
precipitation. To the south, SAM is the dominant mode of the Southern Hemisphere (SH) extratropical circulation,
operating beyond the weather scale (Kidson 1988; Karoly 1990; Hartmann and Lo 1998; Easterling et al. 2000;
Thompson et al. 2000; Li et al. 2005; Meneghini et al. 2007; Risbey et al. 2009). Although its precise role in SWWA
drying trends still remains ambiguous, the SAM has been linked to annual and decadal rainfall variations over
SWWA (e.g., Allan and Haylock 1993; Cai and Cowan 2006; Meneghini et al. 2007; Hendon et al. 2007a; Feng et al.
2010a; Cai et al. 2011c), while other studies have examined the connection between SWWA rainfall and the Indian
Ocean (e.g., Simmonds 1990; Simmonds and Rocha 1991; Smith et al. 2000; Ashok et al. 2003; Samuel et al. 2006;
Verdon and Franks 2005; Risbey et al. 2009; Cai et al. 2011b,d,e). Tenant and Reason (2005) have suggested that
there is a teleconnection between South African and SWWA rainfall variability by analyzing circulation archetype
frequency and the atmospheric energy cycle in the Southern Hemisphere. In contrast to many other studies, Feng
et al. (2010b) posited that a large portion of the long-term drying trend over SWWA possibly is explained by the
evolution of a well-coupled southwest Australian monsoon-like circulation (or SWAC). The well-coupled SWAC-
SWWA rainfall relationship is largely independent the leading climate drivers such as SAM, 10D, and ENSO. Finally,
the recent decline in SWWA wet winter season [June-August (JJA)] rainfall also could be accounted for by a
gradual decline of the mean rainfall from the individual cutofflows, which generate ;60% of the total rainfall in the
area (Pook et al. 2012).

Several studies have highlighted the relevance of atmospheric blocking on Australian annual rainfall variability,
measured by a blocking index defined by BoM (Pook andGibson 1999;Risbey et al. 2009). Blocking was shown to
influence primarily the southern Australian region with the rainfall amount controlled by the specific position of the
high-amplitude ridge (Pook and Gibson 1999; Pook et al. 2006). Blocking near 1408Ewas shownto support rainfall
over southeast Australia, while blocking near the Great Australian Bight yielded to enhanced rainfall primarily in the
SWWA region (Risbey et al. 2009).

While relatively little is known about the drivers of rainfall variability over NWWA (Shi et al. 2008; Cai et al. 2011a), a
recent study by Lin and Li (2012) suggested that NWWA rainfall trends were teleconnected with SST variability in
the tropical Atlantic region via the propagation of Rossby wave trains, inducing an upper tropospheric anticyclone
anomaly over Australia. This upper-level anticyclone and associated divergence aloftproduces an increased large-
scale upward motion in NWWA, and hence rainfall in the area. Moreover, NWWA(and,more generally,
northernAustralian) rainfall also ismodulated byMJOevents (e.g.,Hendon et al. 2007b; Wheeler et al. 2009), which
act on much shorter time scales than the other climate drivers impacting this region.

The formation of TCs is modulated by the evolution of individual MJO and ENSO events (e.g., Camargo et al. 2007,
2009), with the rainfall accompanying those systems often producing the vast majority of the total annual
precipitation, particularly in arid inland CWWA (Stokes et al. 2008; Pook et al. 2012). While there are no observable
trends in the number of TCs (or intense TCs) over the past half-century, year-to-year TC (and tropical low) activity
exhibits a high degree of variability (BoM; Ramsay et al. 2008; Pook et al. 2012).

As mentioned above, Speer et al. (2011) have investigated variability and trends in east Australian coastal rainfall.



The methodology employed in that study included wavelet analyses of rainfall time series and Australian region
atmospheric circulation anomalies, which also forms the basis for this study and this approach is applied to the
variability and trends in CWWA rainfall during the 1958-2010 period. The present study has sections analyzing
rainfall variability through a description of rainfall mechanisms and teleconnections of rainproducing systems,
wavelet analyses of rainfall, bootstrap correlations and partial correlations, principal component (PC) analysis of
global SSTs, and identification of Australian region atmospheric circulation anomalies, followed by concluding
comments.

2. Data and methodology

The station monthly rainfall time series used in this study are compiled from high-quality rainfall datasets well
suited for monitoring long-term trends and variability in Australian rainfall (Jones and Weymouth 1997; Lavery et
al. 1997), made available to the public by BoM (http://www.bom.gov.au/climate/data/index.shtml). The rainfall
stations, listed in Table 1, were selected to minimize missing data during the analysis period (1958- 2010). Rainfall
data for the later months were not included owing to pending assessment of quality control by BoM. The few
missing monthly rainfall data (,0.75%) were simply filled by the average of the rainfall over the whole time period.
The monthly rainfall data are evaluated in three ways. First, the rainfall time series are correlated with the indices
from several key climate drivers, namely the quasi-biennial oscillation (QBO), SAM, the Southern Oscillation index
(S0l), 10D, and ENSO-related indices, using a bootstrap sampling technique to determine the significance of those
correlations (e.g., Wilks 2006; Li and Smith 2009). Because the influence of blocking in the CWWA region is
marginal (Risbey et al. 2009), it was not explored here. In addition, it was decided not to assess the role of MJO
events because its impact is confined almost entirely to the north of the CWWA region (Wheeler et al. 2009; Risbey
et al. 2009).

The correlations were carried out on 6-month averaged data for the wet periods of NOVAPR and MAYOCT, which
are the primary rainfall modes inCWWA(BoM). While higher-order climatic influences (less than 6 months) on
Australian rainfall patterns were shown to exist (e.g., Kamruzzaman et al. 2013), this issue is deferred to future
work. To avoid any relationship that may arise from trends in rainfall as well as in the climate drivers (e.g., Nicholls
2008), all of these data were detrended prior to computing the correlations. The intensity of 10D events, defined by
the dipole mode index (DMI), is determined by the difference in SST between the western equatorial Indian Ocean
(108S-108N, 508-708E) and the southeastern equatorial Indian Ocean (108S-08N, 908-1108E), following Saji et al.
(1999). Because the effect of ENSO on Australian rainfall is modulated by 10D phases (Risbey et al. 2009; Cai et al.
2011b,d,e), the same methodology was applied to partial correlations between DMI and the various ENSO-related
atmospheric (SOI)- and SST-based standard indices. The SSThased indices are Nifio-1.2 (108S-08, 908W-808W),
Nifo-3 (58S-58N, 1508-908W), Nifio-3.4 (58S-58N, 1708-1208W), Nifio-4 (58S-58N, 1608E-1508W), and El Nifio
Modoki [EMI; see definition in Ashok et al. (2007)]. DMI was computed using the areal averaged monthly Hadley
Centre Global Sea Ice and Sea Surface Temperature (HadISST) dataset. With exception of EMI (http://www.
jamstec.go.jp/frcgc/research/d1/iod/modoki_home.html. en), all SST-based ENSO indices (http://www.cpc.
ncep.noaa.gov/data/indices) were calculated using the global National Oceanic and Atmospheric Administration
(NOAA) Extended Reconstructed SST (ERSST) V3b dataset (Smith et al. 2008).0nly the anomalies of all the
aforementioned indices were considered herein. This study uses SAM as defined in Nan and Li (2003). These
correlations, although not providing direct evidence of causal links given the nonlinearity of the system, are useful
in suggesting where to search for possible climate drivers. They also indicate patterns, such as dipoles, in these
potential links. As a second step, the smoothed 6-month averaged rainfall data were correlated with the ERSST
V3b dataset (publicly available at http://www. cdc.noaa.gov/cdc/data.noaa.ersst.html) to establish potential links
with ocean-driven climate drivers, with a focus on SST-based ENSO indices and the I0OD. This dataset was shown
to be acceptably reliable after 1940 (Smith et al. 2008) and SST anomalies relative to each month were computed.
As a third step, a covariance-based principal component analysis was conducted on the same SST anomaly data
(1958-2010 period) for NOVAPR and MAYOCT focused on the Pacific Ocean and Indian Ocean individually. With the
annual cycle on the SST removed, the PCs were rotated using the varimax technique (Kaiser 1958; Richman 1986).



To extract the dominant modes of variability, a covariance-based PC analysis is performed. After assessment of
the congruence of their loading patterns in each case (Richman and Lamb 1985), only the two leading modes (with
respect to total domain variance) are retained for rotation. Themotivation for this analysis is to underline the
presence of ENSO in NOVAPR and of the IOD/DMI in MAYOCT.

Fourth, a Morlet wavelet analysis is carried out on the 6-month averaged data for each of the 10 stations shown in
Fig. 2. Wavelet analysis projects a time series into time-frequency space, providing information about the
amplitude of any periodic signals embedded in the time series (Klees and Haagmans 2000). In particular, wavelet
analysis shows how the periodic signals change with time. Finally, the power of various scales also is obtained as
a function of time, by computing the square of the amplitude. Here, open source code (http://paos.colorado.
edu/research/wavelets/) is used to plot the relative power spectrum as a function of period and time, and the time
averaged power as a function of period.

Finally, composite atmospheric circulation anomalies are derived from the National Centers for Environmental
Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis data (Kalnay et al. 1996), with
plots provided by the NOAA Earth System Research Laboratory (ESRL) Physical Sciences Division (Boulder,
Colorado; http://www.cdc.noaa.gov/). Circulation anomalies relative to 1981-2010 to match the new climate
normal period are discussed for three time windows within the period 1958 to 2010 to provide a possible physical
explanation of the observed rainfall trends.

3. Rainfall mechanisms and teleconnections

a. Correlation analysis

The rainfall time series for the five coastal CWWA stations show overall weak trends during NOVAPR and a
marginal decrease during MAYOCT (Figs. 3a-e). While similar weak rainfall trends are seen for inland stations
during MAYOCT, the NOVAPR period shows a large rainfall increase that is most evident for the northernmost
stations (namely Coolawanyah and Mulga Downs; Figs. 2 and 3f-j). Most importantly, Fig. 3 confirms
thatCWWAreceives the bulk of its rainfall during the summer months (e.g., Pook et al. 2012). The rainfall data
exhibit large annual variability, particularly for the two northernmost stations and for Mulga Downs (Figs. 3a,f,g).
Similar trends were seen for other nearby stations (not shown). While more stations could have been selected it
was decided that the 10 stations selected herein (Table 1) are highly representative of the rainfall trends found
within the key areas of CWWA (Fig. 1).

Because the rainfall trends in CWWA are largely attributed to NOVAPR rainfall variability, the latter period will be
the focus of the remainder of the analysis. Results for MAYOCT will also be presented for comparison and
completeness.

As mentioned in section 2, the analysis was performed using 6-month averaged data, and therefore future
reference to the data in the text should be regarded as such unless otherwise specified. As a first step, rainfall time
series were correlated with various climate driver indices known to influence rainfall trends in the SWWA and
NWWA regions, respectively. This choice was motivated by the geographical location of CWWA, which straddles
both SWWA and NWWA. Two types of correlations were initially carried out, namely the classical Pearson's method
and the Spearman "rank” method. The latter choice was motivated by the high rainfall variability observed in some
of the selected stations (e.g., Figs. 3a,f,g). The results revealed, however, that with the exception of a few isolated
cases, the correlations obtained with both methods remained within 60.05 of each other. This result also held for
median correlations obtained using a 1000-sample bootstrap technique for each station. Consequently, and for the
sake of brevity, only the results obtained with Pearson's method will be shown, and these will be referred to as
correlations.

Figure 4 presents "box and whisker” plots for a 1000- sample bootstrap of the NOVAPR rainfall data correlated with
various climate indices known to influence the SWWAandNWWAregions (e.g., Risbey et al. 2009).A similar analysis
was conducted for QBO, but showed comparatively weak, statistically insignificant correlations for both seasons
and therefore will be omitted for the remainder of this analysis. The median correlation values are considered to be
statistically significant whenever the 5%-95% percentile interval lies entirely on one side of the zero line,



highlighted as a thick black horizontal line in Fig. 4.

The relatively weak relationship seen between SAM and the five coastal rainfall stations (Fig. 4a) is consistent with
Risbey et al. (2009). Near the eastern boundary of the study domain (i.e., near 1208E; Fig. 1), SAM shows overall
noteworthy correlationswith inland rainfall during NOVAPR (Fig. 4a; compare coastal and inland stations), a result
that is also consistent with Risbey et al. (2009).

The most robust relationships for the NOVAPR season were found for SOl with both coastal and inland stations
with positive median correlations values ranging between about 0.18 and 0.50 (Fig. 4c). Noteworthy relationships
were also found between coastal stations and Nifio-1.2, Nifio-3, Nifio-3.4, and Nifio-4, respectively, with median
correlation values as large as 20.50 (Figs. 4e-h). The similarity of the results between the SST-based ENSO indices
is not surprising considering their high mutual correlations for both NOVAPR and MAYOCT (ranging between r 5
0.77 and 0.94; not shown). The above results are in agreement with previous work (e.g., Risbey et al. 2009; Ashok
et al. 2007). Because the SOl relates to the atmospheric "mass” component (i.e., pressure) of ENSO and not the
ocean (SST), the former is a more reliable result given lower confidence in the early SST records (especially prior to
the mid-1970s). Risbey et al. (2009) also noted that generally higher correlations of rainfall with SOl compared with
SST-based ENSO indices were likely a consequence of atmospheric pressure being more directly related to the
occurrence of rainfall than SST.

A similar analysis for MAYOCT revealed that the most robust relationship was found between DMI and both inland
and coastal stations, with median correlations ranging between 20.18 and 20.41 (Fig. 5b). In contrast to NOVAPR,
all ENSO-related indices showed nonsignificant correlations statistics with the coastal stations (Figs. 5¢c-h). Note
also that the relatively strong correlations existing between SAM and inland stations in NOVAPR are not seen
during MAYOCT (Figs. 4a and 5a). The relationship between DMI and CWWA MAYOCT rainfall is in agreement with
other studies focusing on WA (e.g., Ashok et al. 2003; Verdon and Franks 2005; Samuel et al. 2006; Cai et al.
2011b,d,e). This result also highlights the seasonal variability of the influence of large-scale remote climate drivers
on the rainfall, which also was reported for many other regions of the Australian continent (e.g., Ashok et al. 2003;
Saji and Yamagata 2003; England et al. 2006; Ashok et al. 2007; Ummenhofer at al. 2008; Risbey et al. 2009; Speer
et al. 2011). Consistent with our results, Cai et al. (2011b) found that the great majority (79%) of the median Austral
winter rainfall trend is attributable to 10D, and the decline (Figs. 1 and 3) was suggested to be a direct
consequence of the positive phases of 10D trending upward in recent decades, which appears likely to persist (Cai
et al. 2011b). The upward trend was hypothesized as being a direct response of the IndianOcean SST field to
climate change and global warming (Fourth Assessment Report of the Intergovernmental Panel on Climate
Change; Cai et al. 2009). This suggestion is consistent with earlier work by Streten (1981) and Nicholls (1989), who
found that droughts over the Australian continent were associated with negative SST anomalies in the eastern
Indian Ocean (and therefore indicative of a positive IOD phase).

Previous studies have highlighted the complex coupling between the wet summer rainfall (DJF) and positive/
negative phases of 10D and ENSO, with the negative 10D and no ENSO years being associated with the largest
positive rainfall trends inWA(and CWWA,; see Fig. 7 in Risbey et al. 2009). Regardless of the phase of 10D, La Nifa
was shown always to lead to above average rainfall over Australia (Power et al. 2006) during the wet summer
months (DJF). This result remains consistent with the negative correlations obtained between SST-based ENSO
indices and coastal stations. There is, however, ongoing debate about the extent to which 10D and ENSO are
independent of each other (e.g., Meyers et al. 2007; Cai et al. 2011b,d,e). Further complicating the problem of
dependency between these two climate drivers, MJO was shown also to interact with ENSOby enhancing periods
of dry breaks duringEINifio years (e.g., Hendon et al. 2007b).While our study period (1958-2010) combines both
negative and positive phases of either 10D or ENSO, the aforementioned temporal variations will be masked in the
present correlation analysis. Because this aspect was already well covered by Meyers et al. (2007) and Risbey et
al. (2009), it is not necessary to repeat a similar detailed analysis. Instead, the wavelet analysis shown below was
partially designed to complement the correlation analysis, by offering a spectral evolution as a function of time to
highlight periods of the known positive (negative) IOD (ENSO) phases with high (low) power hidden within the



individual station rainfall time series.

Because of the interplay between I0D and ENSO in modulating the rainfall over Australia (e.g., Cai et al. 2009,
2011b,d,e), partial correlations between the aforementioned ENSO indices and DMI were computed for NOVAPR
(Fig. 6) and MAYOCT (Fig. 7). As the correlations between SST-based Nifio indices are large (r5 0.80-0.94), the
results obtained with those indices not surprisingly are similar (Figs. 4e-h and 5e-h). Therefore, for simplicity, only
partial correlations between DMI and the SST-based Nino index having the highest partial correlations, namely
Nifo-3, are shown.

During NOVAPR, the most robust relationships again are found for Nino-3, excluding the effect of DMI (Nifo- 3jDMI;
Fig. 6f) and SOI excluding DMI (SOIjDMI; Fig. 6d). These strong relationships were again best seen for the coastal
stations with inland stations having overall less significant relationships (Figs. 6d, f). The weak relationships
obtained earlier with DMI alone (Fig. 4b) were not improved when the effect of ENSOrelated indices were removed
(Figs. 6a-c).

Consistent with the results obtained in Fig. 5,MAYOCT partial correlations for DMI indicate comparable negative
median correlations (20.18 to 20.45) when ENSO components are removed (Figs. 7a-c). Removing the effects of
DMI from each ENSO component did not improve the correlation statistics (Figs. 7d-f). This confirms the
robustness of the relationship between DMI and the inland and coastal stations obtained earlier, a finding that is
consistent with earlier studies (Cai et al. 2011b,d,e). With their analysis primarily highlighting the largest impact of
IOD/ENSO during the austral winter affecting southern Australia, Cai et al. (2011e) suggested that the effect of
ENSO was minimal because ENSO is largely unrelated to the 10D in MAYOCT, a speculation that also seems valid
for the CWWA region (compare Fig. 5b and Figs. 7a-c).

It is relevant to stress, again, that correlation-based analyses are by definition circumstantial rather than causal,
for example because of the nonlinearities and coupling proper to the atmosphere-ocean system. For this reason,
several other analysis methods are presented below to complement the aforementioned analysis and assess the
robustness of the results.

b. Relationships with global sea surface temperatures

With the exception of SOI, all other climate indices having statistically significant relationships with the rainfall
either inNOVAPR orMAYOCTare SST based (Figs. 4-7). To further assess the robustness of those relationships, the
coastal and inland-averaged rainfall anomaly time series for all rainfall stations were spatially correlated (i.e., point
by point) for both seasons with NOAA SST anomaly time series (Fig. 8). Figure 8 was purposely telescoped over
the Pacific and Indian Ocean basins to focus on ENSO and 10D, which were shown to have the strongest
relationships with CWWA rainfall. Similar maps were created for each of the 10 stations for both seasons (and also
for different decades) and showed similar trends to the composites presented in Fig. 8. Only significant
correlations at the 95% confidence interval are shown, namely jrj$0.30, a value which was determined via a 1000-
sample bootstrap analysis of the correlations at each point on the map.

The NOVAPR correlation maps show a well-defined "horseshoe” correlation pattern with the SSTs in the equatorial
Pacific Ocean (Figs. 8a,b), a pattern that has been long recognized to be associated with ENSO (e.g., Guan and
Nigam 2008). Negative (positive) correlations in the central equatorial Pacific would be indicative of negative
(positive) SST anomalies and hence there is a direct correspondence with the SST horseshoe pattern. The
horseshoe pattern in NOVAPR is also stronger for the coastal stations and is consistent with the results obtained
earlier (Figs. 5 and 7). The increasing NOVAPR rainfall trends seen along the coast in Figs. 3f-j also exhibit high
correlations with the SST field near coastal CWWAand SWWA. However, duringMAYOCT, the ENSO-related
horseshoe pattern in the equatorial Pacific Ocean disappears, consistent with the weak relationships obtained
earlier with ENSO (Fig. 6). MAYOCT is primarily characterized with positive SST correlations south of
Indonesia/East Timor and offthe Pilbara coast (Figs. 8c,d). Because the correlations with the SST field near
Ethiopia remain small (Figs. 8c,d), the rainfall is correlated with a negative difference between the western and
eastern SST field in the Indian Ocean, a result consistent with negative correlations obtained earlier with IOD (DMI;
Figs. 6 and 7). In summary, theMAYOCT rainfall is positively correlated with negative phases of I0Dwhereas



inNOVAPRthe rainfall is positively correlated with negative phases of ENSO or La Nifa. These findings are
consistent with Risbey et al. (2009) and Meyers et al. (2007).

c. Principal component analysis of Indian Ocean and Pacific Ocean sea surface temperatures

To further assess the relationships of CWWA rainfall with the global SST anomalies obtained in the previous
section, a covariance-based PCA was conducted on SST anomalies of the V3b dataset (1958-2010 period) focused
on the Pacific Ocean and Indian Ocean individually for both NOVAPR and MAYOCT. As mentioned in the
methodology section, the rationale for this analysis is to complement the relationships obtained with the
correlations, namely to underline the presence of ENSO in NOVAPR and IOD/DMI in MAYOCT.

The varimax-rotated spatial loadings of the first principal component (PC1) show a clear ENSO signal in both
seasons (Figs. 9a,b) with a total domain variance explained of 29.2% in NOVAPR and 20.7%, in MAYOCT, result
consistent with previous work (e.g., Barlow et al. 2001; Ramsay et al. 2008). The larger total domain variance for
PC1 in NOVAPR (by 8.5%) supports the statistically significant correlations with rainfall obtained in NOVAPR
compared with MAYOCT (Figs. 4 and 5), as well as the stronger ENSO correlation pattern of rainfall with SST
anomalies in NOVAPR compared with MAYOCT (Fig. 8). Figures 9c and 9d depict a welldefined dipole pattern in
the Indian Ocean, although the geographical location does not match exactly that of the 10D (Saji et al. 1999;
Webster et al. 1999). However, Fig. 9d reveals larger loading patterns southwest and west of Java, Indonesia, and
smaller loadings near the horn of Africa in MAYOCT. This spatial loading pattern in MAYOCT is more consistent
with 10D. The dipoles in both seasons are consistent with the SST anomaly patterns reported in Ummenhofer et al.
(2009).

The spatial loading patterns for the second principal component (PC2) also reveal a well-defined ENSO horseshoe
pattern in the Pacific, also more pronounced in NOVAPR (Figs. 10a,b). The total variance explained for PC2 in the
Pacific is 8.5% during both MAYOCT and NOVAPR. The Indian Ocean dipole pattern evident in PC1 (Figs. 9c,d) is
also seen for PC2 (Figs. 10c,d) with a total domain variance of 9.6% in NOVAPR and 8.4% in MAYOCT. Loadings for
higher-order PCs (i.e., 3 and beyond) for both NOVAPR and MAYOCT revealed comparatively smaller total domain
variances in both basins (not shown).

d. Rainfall wavelets analysis

Figure 11 shows wavelet power spectra and global spectra for NOVAPR for the coastal regions and their averages.
Signals below the 5% significance level are considered to be spurious and therefore only spectral powers enclosed
within this contour are discussed. Because of its irregular nature and overall lack of periodicity, at least in the time
period considered, it remains difficult to isolate the 10D in the global wavelet spectrum alone. All five coastal
stations indicate a welldefined 2-4-yr periodic signal in the global spectrum (Figs. 11a-e), which not surprisingly
also appears in their average (Fig. 11f). Similar results are seen for inland stations (Fig. 12). Following the analysis
shown earlier, this would be consistent with the presence of an ENSO signal, as the 2-4-yr signal appears more
consistently for the coastal stations than for inland stations (cf. Figs. 11 and 12), which is alluded to in the earlier
correlations (Figs. 4d-f). All 10 stations have relatively high 2-4-yr power between 1998 and 2000, which are years
associated with strong La Nifa events and hence above average rainfall over WA (Meyers et al. 2007; Risbey et al.
2009). The high power seen in the coastal stations prior to the mid-1970s is not seen in all the inland stations (cf.
Figs. 11 and 12). However, because coastal stations were shown to exhibit more robust correlations with SST-
basedENSOindices duringNOVAPR(Figs. 4 and 6), the early values of strong power seen in Fig. 11 could also be
associated with ENSO. For instance, the 1970-76 period was associated with several strong La Nifia events and
one strong El Nifio event (in 1972/73), which could account for the high power seen in Fig. 11 during this time
period. The years 1961, 1965, and 1993 were the only years in our dataset characterized by a simultaneous
negative phase of IODand weak ENSO, which, as shown by Risbey et al. (2009), are associated with the largest
positive rainfall anomalies in CWWA (their Fig. 7). The averaged power spectra for both inland and coastal stations
in NOVAPR (Figs. 10 and 11) show that, generally, those three years were all associated with high power.

Earlier analysis revealed that during MAYOCT, DMI (I0D) showed the most robust relationship with all CWWA
rainfall stations, and essentially remained unchanged when ENSO-related indices were removed. The global power



spectra for both coastal (Fig. 13) and inland stations (Fig. 14) show a consistent but weaker 2-4-yr signal and a
stronger 8-yr signal straddling the5% significance level. To determine whether this 8-yr signal is significant, the
wavelet analysis was recomputed on the rainfall time series starting at 1945 instead of 1958 (not shown). Those
indicated that the 8-yr signal remains within the 5% significance variance level with a magnitude comparable with
that of the 2-4-yr signal. This indicates that the lack of significance seen for data starting at 1958 was primarily a
consequence of having a time period too small to fit several 16-yr wavelengths. The analysis presented earlier
suggested an overall weak relationship between ENSO and rainfall in MAYOCT, which appeared most clearly in the
spatial correlation with SST fields. Therefore, it is hypothesized that both the 2-4-yr and the 8-yr signal seen in the
wavelet power spectra might be associated with the irregular nature of 10D (Saji et al. 1999, their Fig. 1).

4. Circulation anomalies

It is relevant to stress that the results of this section are based on multimonth, multiyear averages and,
consequently, those may not be entirely representative of the actual circulations accompanying rainfall events
across the periods. As such, some of this analysis is speculative in nature. It was found, however, that despite this
limitation the overall trends in terms of probability of precipitation arising from a given circulation anomaly were
broadly consistent with the results from the aforementioned analysis and, therefore, will be briefly described.
Figure 15 shows 850-hPa vector wind anomalies for both NOVAPR and MAYOCT during three different time
intervals spanning the 1958 to 2010 period. The motivations behind this time partition are that 1) 1976 is a year
associated in much of the literature with the onset of sharper climate changes (e.g., Thompson et al. 2008) and 2)
1999 was selected to highlight circulation changes during the last decades, the period associated with the most
dramatic rainfall trends over the last century. The large-scale circulation patterns discussed in this section are very
similar to those in the 40-yr European Centre forMedium-RangeWeather Forecasts (ECMWF) Re-Analysis (ERA-40)
dataset. The NCEP data were chosen because they include rainfall and precipitationderived products, in contrast
to the ERA-40 dataset.

The 850-hPa NOVAPR circulation anomalies during the first two time periods, namely 1958-76 and 1977-99 (Figs.
15a,b), are characterized by a well-defined subtropical high just offthe coast of CWWA bringing offshore flow to the
Pilbara coast and onshore winds near the Geraldton (Nabawa) region and SWWA. The larger wind speed anomalies
apparent during the 1958-76 period are indicative of a stronger 850-hPa high and are consistent with overall drier
years seen in this region (Fig. 16a). Later, during 1977-99, the wind speed anomalies weaken, which is indicative of
a weaker anticyclone, yielding to a weaker drying trend (Fig. 16b). Last, and perhaps most importantly, in the last
decade (2000-10) this anticyclonic circulation anomaly is seen to shiftto a well-defined 850-hPa cyclonic pattern,
bringing onshore moist tropical air to the Pilbara coast and offshore flow to SWWA. This cyclonic circulation
pattern during the last decade is consistent withwetter trends in CWWA, particularly inland (Figs. 3 and 16c; also
NWWA) and drier trends in SWWA (Fig. 16¢). The exact physical mechanisms behind this cyclonic circulation
anomaly remain unclear but could be associated with the occurrence of tropical lows during NOVAPR, the rainfall
contribution from which has been shown to be important in this region (Pook et al. 2012). Analysis of the track of
TCs in this region indicated a large degree of variability in the last half-century with no clear increase in landfalling
named systems, consistent with Camargo et al. (2007, 2009) and Ramsay et al. (2008). A more consistent
approach for future studies should take into account storm speed and storm size, which are both key in
modulating local rainfall amounts.

During the MAYOCT period in 1958-76, 850-hPa wind anomalies reveal a strong onshore component in the CWWA
and NWWA regions (Fig. 15a), which later weakens (1977-99; Fig. 15e). This incipient weakening of the onshore
winds in CWWA is consistent with the wet trend observed during 1958-76 to decrease to nearzero levels later in
1977-99 (cf. Figs. 16d,e). In the last decade, the onshore wind anomalies over CWWA shifted from a weak onshore
component to a weak offshore flow pattern, yielding to (and consistent with) a weak drying trend (Figs. 15f and
16f). This weakening of the austral winter westerlies over WA was shown to be associated with the increasing
occurrence of positive 10D phases in the last decades (Cai et al. 2011e). Figures 15 and 16 together confirm that
the rainfall regime in CWWA is dominated by two distinct modes with the NOVAPR rain accounting for the great



majority of the trends, as seen in Fig. 3, providing further justification for dividing individual years into two rainfall
modes rather than four seasons.

5. Conclusions

Analyzing correlations between relevant climate drivers indices and rainfall, combined with the use of global SST
anomaly correlations with rainfall, principal component analysis, wavelet analysis of rainfall, and atmospheric
circulation anomalies, enables us to elicit some of the reasons why, since the mid-1970s, there has been an
increasing rainfall trend inNOVAPR over most of CWWA (especially inland CWWA) and a marginal drying trend
during MAYOCT.

In the last two decades, several studies have augmented our knowledge of the relationships between the large-
scale climate drivers and the observed rainfall trends across Australia, with the great majority of these works
focusing on SWWA and the southeast of the continent (Victoria and southeast New South Wales) owing to the
larger population in those regions. This work is a logical follow-on to these studies by focusing on theCWWA
region, which straddles the already welldocumented SWWA and NWWA regions.

The analysis revealed a seasonal relationship between CWWArainfall and ENSO-related indices (SOl with all
stations; and SST-based Nifio indices with coastal stations) in the NOVAPR season. Those correlations were
negative (positive) for SST-based Nifio indices (SOI). This result is consistent with La Nifia years being the
dominant years during the observed increase inCWWA rainfall. SAM was also shown to be important for inland
stations near 1208E, consistent with recent work by Risbey et al. (2009). In MAYOCT, I0D was found to show the
most robust (negative) correlations with coastal and inland stations rainfall. These seasonal relationships were
confirmed by additional correlations analysis of the rainfall of individual stations and their coastal/ inland
averages with global SST fields. The NOVAPR correlations map exhibited a well-defined horseshoe pattern in the
Pacific, which is indicative of a similar SST pattern that has been long recognized as being associated with an
ENSO signal. During the MAYOCT wet winter months, this horseshoe correlation pattern in the Pacific Ocean
disappears while large positive correlations with SSTs appearing in the eastern Indian Ocean 10D region, leading to
an association of rainfall trends with negative 10D years, as reported by Risbey et al. (2009).

Principal component analysis on SST anomalies for both seasons confirmed the existence of a dominant ENSO
signal in the Pacific Ocean and a well-defined dipole pattern in the Indian Ocean consistent with SST patterns of
earlier works (Ummenhofer et al. 2009). Specifically, it was found that the ENSO signal was the dominant mode
during both NOVAPR and MAYOCT, with a PC1 total domain variance of 29.2% inNOVAPR and 20.7% in MAYOCT.
The larger variance explained in NOVAPR compared with MAYOCT (by 8.5%) is consistent with the correlation with
the rainfall being statistically significant in NOVAPR and with a stronger horseshoe correlation pattern of the
rainfall with the Pacific SST anomalies during this period. A similar result was seen in the Pacific SSTs for PC2
with a variance explained of 8.5% for both seasons. The same principal component analysis for the Indian Ocean
revealed that the dipole pattern seen in PC1 and PC2 was shifted farther north near the geographical region of the
10D during MAYOCT, with a slightly higher variance explained for PC1 (25% compared with 24%).

The stronger association of ENSO with NOVAPR rainfall was confirmed by a wavelet analysis spectrum in
NOVAPR, which is dominated by a 2-4-yr signal with the highest power occurring during ENSO years. In MAYOCT,
both a 2-4-yr and an 8-yr peak dominate the global power spectra during years associated with negative 10D
phases.

The circulation anomalies derived from reanalysis data revealed a distinct atmospheric pattern evolution in the
last half century, which accounted for the observed CWWA rainfall trends for both wet rainfall seasons defined
here. In NOVAPR, the wind vector/speed anomalies overCWWAprogressively shifts from a strong 850-hPa
anticyclonic anomaly to weak cyclonic anomalies, yielding to the progressive increase of onshore advection of
moist tropical air in the Pilbara coast and hence, increased rainfall. In MAYOCT, the wind anomalies showed a
progressive weakening of the zonal onshore flow in the Pilbara coastal region of the CWWA, from a strong onshore
component in the 1960s to 1970s to a weak offshore component during the last decade, which accounts for the
wetter trend seen earlier in the mid-1960s shifting to a marginal drying trend in the last decade.
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