INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. (2013)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.3812
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ABSTRACT: Historical datasets of instrumental temperature, rainfall and atmospheric pressure observations have recently
been developed for southeastern Australia (SEA), extending the regional climate record back to 1860. In this study we use
the newly extended datasets to conduct the first multivariate examination of SEA climatic changes from 1860 to 2009.
The climate in SEA is highly variable in response to fluctuations in large-scale circulation features including El
Niño–Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD). To examine how teleconnection patterns in the
SEA region have changed over time, we then applied a path analysis over the 1871–2009 period to isolate the independent
relationships between SEA climate variables, ENSO and the IOD. The extended data revealed several relatively unknown
periods of 19th century SEA climate variations. Cool and wet conditions were identified in the early parts of the 1860s,
1870s and 1890s, while dry conditions were found in the late 1870s, 1880–1885, and during the well-known Federation
Drought (1895–1902).
Path analysis identified a decrease in the influence of ENSO on SEA rainfall during 1920–1959, particularly in the austral
winter. Increasing correlations between the IOD and annual SEA rainfall and pressure were found in the recent 1970–2009
period, but appear to be within the range of natural variability in the context of the last 140 years. Despite large changes in
the correlations between SEA rainfall, ENSO and the IOD, correlations between SEA rainfall and temperature remained
stable over 1871–2009. Similar results were obtained using 20th Century Reanalysis data for 1871–2009, supporting the
quality of the extended historical datasets and providing verification for the reanalysis data in SEA from the late 19th
century.
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1. Introduction
From 1997 to 2011, southeastern Australia (SEA) experienced the driest 13-year period followed by the wettest
2-year period since 1900 (Verdon-Kidd and Kiem, 2009;
Timbal et al., 2010; Australian Bureau of Meteorology,
2012). Both extremes had severe impacts across SEA,
including water shortages, devastating floods and crop
losses, all of which placed a large financial and psychological burden on regional and rural communities (Sartore
et al., 2008; Australian Bureau of Meteorology, 2012).
High rainfall variability is a feature of the SEA climate
(Nicholls et al., 1996a; Murphy and Timbal, 2008), and
is influenced to a large extent by remote oceanic and
atmospheric circulation patterns (Risbey et al., 2009a).
These include (1) El Niño–Southern Oscillation (ENSO)
(McBride and Nicholls, 1983; Nicholls, 1988; Risbey
et al., 2009a), (2) Indian Ocean temperature fluctuations
(represented by the Indian Ocean Dipole, IOD) (Saji
et al., 1999; Ashok and Guan, 2003; Murphy and Timbal,
2008; Risbey et al., 2009a; Ummenhofer et al., 2011),
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and (3) changes in mean sea level pressure (MSLP) over
SEA caused by variations in the Southern Annular Mode
(SAM) (Meneghini et al., 2006; Hendon et al., 2007)
and the subtropical ridge (Drosdowsky, 2005; Larsen
and Nicholls, 2009; Timbal and Drosdowsky, 2013).
These circulation features are not independent: ENSO
and the IOD are known to interact through atmospheric
teleconnection and common sea surface temperature
(SST) patterns around Indonesia and the Maritime
continent (Yu et al., 2002; Behera and Yamagata, 2003;
Meyers et al., 2007; Risbey et al., 2009a; Cai et al.,
2011). Negative IOD conditions do not normally occur
during El Niño events, while positive IOD conditions
are rare during La Niña events (Meyers et al., 2007).
ENSO and the IOD also affect MSLP over Australia
through the direct response of tropical air to diabatic
heating from SST anomalies, and indirectly through
wave train development from tropical convection in
areas of positive SST anomalies (Behera and Yamagata,
2003; Cai et al., 2009, 2011).
Rainfall variations influenced by these large-scale
circulation features in turn influence surface temperature changes. Maximum temperature (Tmax) is
known to vary out-of-phase with rainfall, and minimum
temperature (Tmin) generally varies in-phase, although
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this relationship exhibits high spatial variability (Power
et al., 1998; Jones, 1999; Jones and Trewin, 2000;
Alexander et al., 2007). Minimum temperatures are also
influenced by maximum temperatures, particularly in the
warmer months when Tmin values are determined by
local night time cooling processes as well as the Tmax
recorded the previous day (Jones and Trewin, 2000).
Recent interannual temperature variations related to
rainfall across SEA have occurred against a backdrop of
regional temperature increases (Trenberth et al., 2007;
Murphy and Timbal, 2008) which have been largely
attributed to anthropogenic climate change (Karoly
and Braganza, 2005). Mean temperatures across SEA
have increased by almost 1 ◦ C since 1960 (CSIRO
and the Australian Bureau of Meteorology, 2012), and
minimum temperatures are increasing at a greater rate
than maximum temperatures (Alexander et al., 2007;
Ashcroft et al., 2012; CSIRO and the Australian Bureau
of Meteorology, 2012).
Given the highly variable nature of SEA rainfall, and
the fundamental links between regional rainfall and temperature, it seems appropriate to examine the relationships between SEA temperature, rainfall and large-scale
circulation features over time, particularly in the presence of recent warming trends. Unfortunately, the current long-term rainfall, MSLP and temperature datasets
for Australia begin in 1900, 1907 and 1910, respectively (Lavery et al., 1997; Alexander et al., 2010;
Trewin, 2013), restricting our ability to examine longterm changes in teleconnection patterns (Nicholls et al.,
1996a; Jones, 1999; Jones and Trewin, 2000). Furthermore, the first half of the 20th century is associated with
a decrease in the variance of ENSO and the IOD (Karoly
et al., 1996; Kestin et al., 1998; Reason et al., 1998;
Behera and Yamagata, 2003; Abram et al., 2008) and a
weakening of many global ENSO teleconnection patterns
(e.g. Knippertz et al., 2003). This may confound studies
examining how anthropogenic climate change affects the
influence of these features on the SEA climate.
To determine how background temperature increases
may influence SEA climate variability, it is logical to
instead compare SEA climate in recent decades with
an earlier period of similar ENSO and IOD activity. Additionally, comparing periods of similar ENSO
variance with an interval of lower ENSO variation,
like the first half of the 20th century, may be valuable for understanding how the SEA climate responds
to low-frequency changes in atmospheric and oceanic
circulation.
This article examines changes in the relationships
between ENSO, the IOD and the SEA climate using
newly developed temperature, MSLP and rainfall
datasets for SEA covering 1860–1909 (Ashcroft et al.,
2012; Gergis and Ashcroft, 2012), combined with existing high-quality datasets for 1910–2009. An additional
40 years of rainfall data (1860–1899), 47 years of MSLP
data (1860–1906) and 50 years of temperature data
(1860–1909) not only allows for a comparison between
two periods of similar ENSO and IOD variance, but
 2013 Royal Meteorological Society

also provides more information on pre-1900 climate
variations in SEA.
The article is structured as follows. Section 2
describes the newly extended datasets, including the
homogenization process used to minimize the influence
of non-climatic effects on the pre-1900 observations.
Section 3 describes rainfall, temperature and MSLP
changes for 1860–1909, including a comparison between
MSLP over SEA and the intensity of the subtropical ridge
intensity (STR-I). The observations are also compared
to the 20th Century Reanalysis (20CR) dataset (Compo
et al., 2011) for the overlapping 1871–1909 period.
Section 4 uses a path analysis (Schumacker and Lomax,
2004), calculating partial and semi-partial correlations to
determine the dominant physical relationships between
SEA temperature, rainfall, ENSO, the IOD and changes
in MSLP. Relationships in the recent 1970–2009 period
are compared to those during 1920–1959 (a time of
reduced ENSO and IOD variance) and 1871–1909 (a
period of similar ENSO variance to today), using both
observational and 20CR data. Sections 5 and 6 discuss
the results and present conclusions.
2. Data
Monthly Tmax, Tmin, rainfall (RAIN) and 9 am MSLP
data for 1860–2009 were obtained from the Australian
Bureau of Meteorology Australian Data Archive for
Meteorology (Australian Bureau of Meteorology, 2000)
for stations across SEA. For the purpose of this study,
SEA is defined as the land within 136◦ –154◦ E and
26◦ –40◦ S (inset of Figure 1(a)), which includes the Australian states of Victoria and New South Wales, eastern
South Australia and southern Queensland. Figure 1 shows
the station networks for each variable, along with the
decade in which observations begin at each station and
the number of stations with data for each year from 1860
to 2009. Details of the temperature and rainfall networks
are provided in Ashcroft et al. (2012) and Gergis and
Ashcroft (2012), respectively. Stations were chosen for
their temporal data availability during 1860–2009 and
their spatial coverage over SEA.
Much of the pre-1900 temperature, rainfall and MSLP
data have received little or no quality control (Lavery
et al., 1997; Alexander et al., 2010; Ashcroft et al.,
2012; Trewin, 2013), so homogenization of the early
data was crucial. Station history information, or metadata, were obtained for all stations from the Australian
Bureau of Meteorology station history files and archives
(see Ashcroft et al., 2012 for details), to help identify
possible changes to instrumentation, station location and
observing practices. Due to data availability and the differences in spatial coherence of each variable, the homogenization of temperature, rainfall and MSLP datasets was
conducted individually.
2.1. Temperature
Temperature observations are particularly sensitive to
changes in observing location, instrumentation and
Int. J. Climatol. (2013)
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Figure 1. Stations in SEA used in this study observing maximum and minimum temperature (Tmax and Tmin, respectively, a), rainfall (RAIN,
b) and 9 am mean sea level pressure (MSLP, c) over 1860–2009. Each station is marked to indicate the period in which observations began:
pre–1860 (asterisk), 1860–1869 (diamond), 1870–1879 (triangle) and 1880–1900 (square). The number of stations with data in each network
is also plotted (d). Note that for 1950–2009 TMAX and TMIN, data are provided by area-averages of SEA stations in the Australian Bureau of
Meteorology high-quality ACORN-SAT dataset (Ashcroft et al., 2012; Trewin, 2013). The inset of (a) shows the SEA region as defined in this
study.

practice (Trewin, 2010). To minimize the influence of
these changes, a two-step homogenization process was
conducted on data from the 38 long-term temperature
stations shown in Figure 1(a) using the statistical RHtestsV3 package (Wang et al., 2007; Wang, 2008; Wang
and Feng, 2010) and detailed station history information.
In Step 1, the penalized maximal F test from the
RHtestsV3 package (Wang, 2008) was used to identify
inhomogeneities in individual station data that were
statistically significant or deemed to be significant in the
presence of supporting metadata. In Step 2, reference
series were built for each station using a weighted
combination of the individually adjusted data from a
subset of correlated neighbouring stations (Ashcroft et al.,
2012). The differences between data from each station
and its reference series were examined for significant
changes using the penalized maximal t test (Wang et al.,
2007) to further refine the adjustments made in Step 1.
Adjustments were applied to 1860–1950 temperature
values alone (Ashcroft et al., 2012) because the positive
trend in the post-1950 record caused spurious trends in
the early data when 1860–2009 data were examined
 2013 Royal Meteorological Society

together. A total of 185 (190) adjustments were identified
for Tmax (Tmin) for 1860–1950, over half of which
were supported by station history information (Ashcroft
et al., 2012). The homogenized Tmax and Tmin data
for 1860–1950 were then combined with 1910–2009
SEA data from the Australian Bureau of Meteorology
high-quality Australian Climate Observations Reference
Network–Surface Air Temperature (ACORN–SAT)
(Ashcroft et al., 2012; Trewin, 2013). Annual and
seasonal values of the homogenized network were
highly correlated with the ACORN–SAT data during the
overlapping 1910–1950 period (Pearson’s correlation
coefficient r = 0.94 for annual Tmax, r = 0.85 for annual
Tmin, r > 0.90 for all seasonal values, p-value < 0.01
for all correlations).
2.2.

Rainfall

A subset of 39 stations from the SEA rainfall network
used in Gergis and Ashcroft (2012) was used to represent rainfall variation in SEA from 1860 to 2009.
Log-transformed annual and monthly rainfall data were
examined for changepoints using the penalized maximal
Int. J. Climatol. (2013)

L. ASHCROFT et al.

F test (Wang and Fang, 2010), and changepoints were
compared to station metadata where possible. The high
spatial variability of Australian rainfall and large yearto-year fluctuations (Nicholls et al., 1996a) made inhomogeneities difficult to distinguish from real interannual
changes so only 18 adjustments were made to data from
10 stations (see Gergis and Ashcroft, 2012).
2.3.

Mean sea level pressure

The extended SEA MSLP network contained only 10
stations, but coverage was deemed sufficient due to
the high spatial coherence between monthly and annual
MSLP variations (Barring et al., 1999; Hope et al., 2010).
Some gaps in the temporal coverage of available monthly
MSLP data were found in 1917 and the early 1940s due
to changes in the calculation of daylight savings time
(B. Trewin, pers. comm.). These were filled using the
monthly means of daily data from Alexander et al. (2010)
wherever possible.
Initially, homogeneity adjustments were made in a similar way to the technique used for temperature (Section
2.1). However, adjusting the data from each station separately led to a large false positive trend being introduced
to the pre-1900 data, due to the increase in MSLP that
has occurred over Australia since the 1950s (Nicholls,
2010). Instead, the two-step homogenization process used
for temperature data was applied to the MSLP data in
reverse. Relative inhomogeneities were first identified for
each station by comparing the data to a reference series
built using a subset of between three and five highly correlated neighbouring stations. The high spatial coherence
of monthly MSLP data meant large differences between
data from individual stations and their reference series
could easily be identified as inhomogeneities.

Additional inhomogeneities were then identified in the
adjusted MSLP data by examining each station individually. The average annual MSLP values for the original
and homogenized data are plotted in Figure 2, showing
an improvement in the agreement between stations. The
homogenization process greatly reduced the network’s
variability, reducing the impact of 72 inhomogeneities
identified in the MSLP data. The majority of these inhomogeneities occurred before 1950 and were not supported
by metadata.
2.4. Seasonally and regionally averaged data
Annual and seasonal anomalies of MSLP, Tmax and
Tmin were calculated for 1860–2009 using the homogenized data for each station, relative to the 1910–1950
base period. Seasons were defined as austral summer
(December–February, DJF), autumn (March–May,
MAM), winter (June–August, JJA) and spring
(September–November, SON). Note that summer values
refer to the January and February of the year of interest
(t = 0), and the December of the previous year (t –1).
Rainfall totals for 1860–2009 were converted to normalized precipitation anomalies (NPAs) by subtracting the
station mean and dividing by the standard deviation calculated over 1910–1950 base period (Wilks, 1995). NPAs
were used instead of simple precipitation anomalies to
remove the influence of the local variance on the regional
average. RAIN is henceforth represented by NPAs.
Area-averages of annual and seasonal Tmax and
Tmin anomalies as well as RAIN were calculated using
Thiessen polygons (Thiessen, 1911) over the SEA region
(Figure 1). A simple arithmetic average of the MSLP
anomalies was used to represent MSLP variations due
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Figure 2. Average SEA MSLP calculated using homogenized data (solid black line) and original data (dashed black line) from the MSLP
observational network (Figure 1(c)). The maximum and minimum MSLP values for each year are also plotted for the original data (dark grey
shading) and homogenized data (light grey shading). See Section 2.3 for details of the homogenization process.
 2013 Royal Meteorological Society
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to the small network size. Note that while the rainfall stations used are clustered around the southern and
eastern parts of the SEA region (Figure 1(b)), the areaaverage is still representative of the region as a whole.
Correlations between the observational area-average and
an average of gridded rainfall data over the full SEA
region (Jones et al., 2009) were high for the overlapping 1900–2009 period (r > 0.88 for seasonal and annual
data, p-value < 0.01 for all correlations). A decrease
in the number of rainfall stations in the post-1960
period (Figure 1(d)) did not have a large impact on
the area-average either, with correlations remaining high
(r > 0.86, p-value < 0.01) when the 1960–2009 period
was examined separately.
The RAIN area-average was additionally in good
agreement with Timbal and Fawcett (2012)’s study of
rainfall variations in SEA for 1865–2010. Annual and
seasonal correlations were greater than 0.8 during the
overlapping period (p-value < 0.01), despite Timbal and
Fawcett (2012) focussing on the southern part of SEA
only and using a different data homogenization technique
when developing their network. We are therefore confident that the rainfall area-average used here provides an
adequate representation of rainfall variation across SEA.
2.5. Indices of ENSO, the IOD and STR intensity
The Niño 3.4 SST index (NINO3.4) was used to represent ENSO variations for 1871–2009. NINO3.4 was
derived from the Hadley Centre Global Sea Ice and
Sea Surface Temperature (HadISST) and National Centers for Environmental Prediction datasets (Reynolds and
Smith, 1994; Rayner et al., 2003; www.cgd.ucar.edu/cas/
catalog/climind/TNI_N34/index.html). NINO3.4 is the
5-month smoothed normalized anomalies from the areaaveraged SST over 170◦ W–120◦ W, 5◦ S–5◦ N (Trenberth, 1997; Trenberth and Stepaniak, 2001). Values less
than −0.4 ◦ C indicate La Niña conditions and values
greater than 0.4 ◦ C indicate El Niño conditions.
NINO3.4 was in good agreement with an extended
Southern Oscillation Index (SOI) used to represent
variations in the atmospheric component of ENSO
for 1871–2010 (0.66 ≤ |r| ≤ 0.83 for seasonal data,
|r| = 0.80 for annual data, p-value < 0.01 for all correlations) (Ropelewski and Jones, 1987; Allan et al., 1991;
Australian Bureau of Meteorology, 2011). Correlations
were similar if the 1871–1900 period was examined
alone (0.51 ≤ |r| ≤ 0.81 for seasonal data, |r| = 0.78 for
annual data, p-value < 0.01 for all correlations). An SSTbased index was used to represent ENSO here rather than
the SOI, because the SOI (calculated as the difference
between Tahiti and Darwin MSLP) is not independent of
SEA MSLP variations (Nicholls, 2010).
Dipole Mode Index (DMI) values representing the
IOD were calculated from the HadISST dataset for
1870–2009 using the KNMI Climate Explorer webpage
(climexp.knmi.nl) (Saji et al., 1999; Rayner et al., 2003).
The DMI is defined as the difference between SSTs
in the western equatorial Indian Ocean (50◦ E–70◦ E,
 2013 Royal Meteorological Society

10◦ N–10◦ S) and southeastern equatorial Indian Ocean
(90◦ E–110◦ E, Equator–10◦ S) (Saji et al., 1999). The
DMI is normalized and has variability of periods longer
than seven years removed to focus on interannual
variability, as per Saji et al. (1999). Positive and
negative IOD events are defined as years where the
DMI is one standard deviation above or below the
mean, respectively. An examination of the input data for
HadISST showed that data coverage in the two boxes
used to calculate the DMI is fair from at least 1880
onwards, with ships passing through the tropical Indian
Ocean providing adequate pre-1900 SST data (Rayner
et al., 2003; Woodruff et al., 2011).
An index of STR-I over SEA for 1890–2009 was
provided by the Australian Bureau of Meteorology
(W. Drosdowsky, pers. comm.). The STR is a belt of
high pressure systems across the midlatitudes, particularly over eastern Australia, that corresponds to the
descending branch of the Hadley Cell (Sturman and Tapper, 2004; Murphy and Timbal, 2008).
2.6.

Twentieth Century Reanalysis data

To evaluate the results obtained using observational data,
monthly estimates of Tmax, Tmin, RAIN and MSLP over
SEA for 1871–2009 were derived from the 20CR dataset
(Compo et al., 2011). The 20CR is a reanalysis product
developed using sub-daily surface pressure observations
as input and observed monthly SSTs and sea ice conditions as boundary conditions (Compo et al., 2011). Using
the mean of a 56 member ensemble, 20CR provides a
global atmospheric analysis every 6 hours on a 2◦ × 2◦
grid from 1871 to 2009. For this study, area-averages
of SEA Tmax, Tmin, RAIN and MSLP were calculated
over 43 land grid boxes covering 138.75◦ E–151.875◦ E
and 27.62◦ S–37.14◦ S. Area-averages were also calculated for each of the 56 individual ensembles, to provide
an uncertainty estimate for the ensemble mean.

3. Temperature, rainfall and MSLP variations in
SEA, 1860–2009
Figure 3(a) shows the annual variations of Tmax, Tmin,
RAIN and MSLP from 1860 to 2009, while Figure 3(b)
only shows variations from 1860 to 1909 relative to the
1860–1909 mean. Positive trends in Tmax, Tmin and
MSLP since 1950 are clear in Figure 3(a), and have
been discussed in detail in previous work (Torok and
Nicholls, 1996; Della-Marta et al., 2004; Nicholls, 2006;
Trenberth et al., 2007; Murphy and Timbal, 2008; Hope
et al., 2010; Nicholls, 2010; Ashcroft et al., 2012; CSIRO
and the Australian Bureau of Meteorology, 2012; Timbal
and Drosdowsky, 2013). A small decrease in annual
RAIN is apparent since 1950, which has been previously
associated with a decline in cool season rainfall (Cai and
Cowan, 2008; Risbey et al.; Nicholls, 2010).
Since variations in 20th century SEA climate have
been discussed in detail in other studies, (e.g. Murphy
and Timbal, 2008; Timbal et al., 2010), the focus here is
Int. J. Climatol. (2013)
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Figure 3. (a) Annual Tmax (◦ C), Tmin (◦ C), RAIN (normalized anomalies) and MSLP (hPa) across SEA as well as NINO3.4 and the DMI
(normalized sea surface temperature difference) for 1860–2009. All anomalies have been calculated with respect to the 1910–1950 base period.
(b) Annual Tmax (◦ C), Tmin (◦ C), RAIN (normalized anomalies) and MSLP (hPa) across SEA as well as NINO3.4 and the DMI (normalized
sea surface temperature difference) for 1860–1909. Anomalies have been calculated with respect to the 1910–1950 base period and plotted
relative to the 1860–1909 mean.

on climate variations in the newly extended 1860–1909
period. Table 1 shows years of warm and cool conditions
in Tmax and Tmin for 1860–1909 compared to years
of above or below-average RAIN and MSLP. Warm and
cool years are defined as years with a Tmax or Tmin value
half a standard deviation above or below the 1860–1909
mean. Years with above- or below-average RAIN and
MSLP are defined in the same way. Standard deviations
are calculated using 1860–1909 values only.
 2013 Royal Meteorological Society

The 1860s were characterised by high interannual
RAIN variability, with slightly cool Tmax and Tmin during 1860–1865 and warm conditions from 1866 to 1869.
SEA experienced dry conditions in 1862, 1865–1866
and 1868, punctuated by very wet years in 1863 and
1867. The high Tmax value in 1862 and large rainfall
variability in this first decade may be due to the reduced
network in this earliest part of the record, although
documentary historical evidence identified similar
Int. J. Climatol. (2013)
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Table 1. Summary of Tmax, Tmin, RAIN and MSLP conditions in SEA for 1860–1909. Warm (Cool) years are classified as years
with a Tmax or Tmin value half a standard deviation above (below) the 1860–1909 mean. Wet (Dry) years are defined as years
with a RAIN value half a standard deviation above (below) the 1860–1909 mean. Years with above- (below-) average MSLP
(AA and BA respectively) are defined as years with an MSLP value half a standard deviation above (below) the 1860–1909
mean. Standard deviations are calculated over the 1860–1909 period. The ENSO classifications for each year from NINO3.4 and
the IOD classifications from the DMI are also shown. EN represents an El Niño event, while LN represents a La Niña event.
POS indicates a positive IOD event, NEG indicates a negative IOD event. A hyphen indicates normal ENSO and IOD conditions,
and a blank cell means no data were available for that year. Conditions written in italics indicate cool and wet conditions, and
features that are generally associated with wet conditions in SEA (below-average MSLP, La Niña and a negative IOD event).
Text written in bold indicates warm, dry conditions and circulations features generally associated with dry conditions in SEA
(above-average MSLP, El Niño and a positive IOD event).
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1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909

Cool
Cool
Warm
Cool
Cool
Normal
Warm
Normal
Normal
Normal
Cool
Warm
Normal
Normal
Cool
Normal
Warm
Warm
Warm
Cool
Normal
Cool
Normal
Normal
Normal
Warm
Normal
Cool
Warm
Warm
Cool
Cool
Normal
Normal
Cool
Warm
Normal
Warm
Warm
Normal
Normal
Warm
Warm
Cool
Normal
Cool
Warm
Warm
Normal
Cool

Warm
Cool
Cool
Normal
Normal
Cool
Warm
Warm
Warm
Normal
Warm
Warm
Cool
Cool
Cool
Warm
Cool
Warm
Warm
Warm
Normal
Normal
Warm
Normal
Normal
Cool
Cool
Warm
Cool
Warm
Warm
Cool
Normal
Normal
Normal
Cool
Warm
Cool
Normal
Normal
Warm
Warm
Normal
Warm
Normal
Cool
Warm
Cool
Normal
Cool

Normal
Normal
Dry
Wet
Normal
Dry
Dry
Wet
Dry
Normal
Wet
Normal
Wet
Wet
Normal
Normal
Dry
Dry
Normal
Wet
Dry
Dry
Normal
Dry
Dry
Dry
Normal
Wet
Dry
Wet
Wet
Wet
Wet
Wet
Wet
Normal
Normal
Dry
Dry
Dry
Normal
Dry
Dry
Normal
Normal
Dry
Wet
Dry
Normal
Normal

AA
Normal
BA
BA
Normal
Normal
AA
BA
AA
AA
Normal
Normal
Normal
AA
BA
BA
BA
AA
BA
Normal
Normal
AA
BA
BA
Normal
AA
Normal
Normal
AA
BA
BA
AA
BA
BA
Normal
Normal
Normal
Normal
BA
Normal
BA
AA
AA
Normal
AA
Normal
Normal
Normal
AA
BA

LN
LN
LN
LN
LN
LN
EN
EN
LN
EN
EN
LN
LN
EN
LN
LN
LN
LN
EN
EN
LN
EN
EN
EN
EN
LN
LN

POS
NEG
POS
NEG
NEG
POS
POS
NEG
NEG
POS
NEG
NEG
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periods of wet and dry conditions across the SEA region
(Garden, 2009). Wet years were generally associated
with a decrease in MSLP, while dry years experienced an
increase. A palaeoclimate ENSO reconstruction (Gergis
and Fowler, 2009) identified 1860–1864 and 1867 as La
Niña years, while 1865, 1866 and 1868 experienced El
Niño conditions. The years 1866 and 1868 in particularly
were subject to strong El Niño events, and as El Nino
conditions are generally associated with below-average
rainfall in SEA (Murphy and Timbal, 2008), this provides
further support for the rainfall variations found during
these years (Garden, 2009; Gergis and Fowler, 2009).
SEA experienced wet conditions in the first half of
the 1870s associated with several La Niña events (Gergis
and Fowler, 2009; Ummenhofer et al., 2011). The year
1879 was also characterised by wet and cool conditions
under the influence of a La Niña phase of ENSO. Wet
years were generally associated with normal to cool Tmax
and normal to below-average MSLP values. Tmin values
were above-average during 1870 and 1871, indicating the
influence of increased cloud cover on trapping outgoing
longwave radiation at night (Power et al., 1998; Jones
and Trewin, 2000). In 1872–1874, however, cool Tmin
conditions were experienced due to wetter conditions in
the warmer months when Tmin was also influenced by
cooler than normal Tmax conditions (seasonal analysis
not shown). The 1876–1878 period was dominated by
warm and dry conditions. The strong 1877 El Niño event
in particular was associated with very dry conditions
during DJF and JJA, resulting in warm Tmax and Tmin
values and above-average MSLP.
A moderate but prolonged drought influenced SEA
from 1880 to 1885, and was associated with generally
average temperatures. Only 1885 experienced an increase
in Tmax and a simultaneous drop in Tmin, associated
with the driest year of the drought (Figure 3(b)) and a
peak in MSLP anomalies. Interestingly, the NINO3.4
index in Table 1, as well as an independent ENSO index
developed by Ummenhofer et al. (2011), suggest that
there was a lack of El Niño conditions during this dry
period, with El Niño events only identified in 1884 and
1885 using NINO3.4. The Southern Oscillation Index on
the other hand (not shown) was negative in 1881, 1882,
1884 and 1885 (Gergis and Fowler, 2005; Australian
Bureau of Meteorology, 2011), indicating atmospheric
conditions generally associated with El Niño events.
This suggests that there may have been some decoupling
of the oceanic and atmospheric components of ENSO
during the first half of the 1880s (Trenberth, 1997;
Gergis and Fowler, 2005).

The second half of the 1880s was characterised by high
interannual rainfall and temperature variability, largely
associated with both phases of ENSO. Wet and cool
Tmax conditions in 1887 occurred during a La Niña
event, while 1888 stands out as a particularly dry year
with high MSLP values, very warm Tmax values and
cold Tmin conditions in association with a strong El
Niño event. The lack of rain in 1888 had widespread
agricultural and economic repercussions, and became
known as the Centennial Drought (Nicholls, 1995).
Wet conditions prevailed from 1889 to 1894, associated with another series of La Niña events. Slightly cool
Tmax conditions were experienced, and generally average Tmin values. It is interesting to note that positive IOD
events were reported by Ummenhofer et al. (2011) during the wet years 1891 and 1894, although positive IOD
conditions are generally associated with dry conditions
in SEA (Meyers et al., 2007; Ummenhofer et al., 2011).
This disagreement may be because the IOD years identified by Ummenhofer et al. (2011) cover June–December,
when upwelling occurs of the Indonesian coast (Meyers
et al., 2007), rather than the complete calendar year. It
could also be that the positive rainfall anomalies were
only experienced in the northern part of SEA where the
IOD influence is weaker (Risbey et al., 2009a), although
preliminary spatial analysis (not shown) suggests that this
was not the case.
The Federation Drought (named after the Federation
of Australia in 1901) occurred from 1895 to 1902,
with extended dry conditions, warm Tmax values and
varying Tmin values. El Niño events dominated during
1895–1902, consistent with the findings of VerdonKidd and Kiem (2009) that the Federation Drought was
associated with a prolonged El Niño phase. Positive IOD
events also occurred in 1896 and 1902, in conjunction
with El Niño. MSLP values remained almost constantly
average during this period, only increasing in 1901–1902
during the driest years of the drought. The 1905–1910
period marked a return to high interannual variability
across SEA. Negative IOD events and La Niñas were
associated with wet and warm conditions in 1906 and
cool conditions in Tmax and Tmin in 1909.
Figure 3 shows that MSLP values over 1860–2009
varied largely out-of-phase with SEA rainfall. A comparison between the annual and seasonal MSLP averages
and the STR-I over 1890–2009 is shown in Table 2. The
level of agreement is very high for annual, JJA, SON and
MAM, although not quite as high for summer when the
STR is at its southernmost location (Drosdowsky, 2005).
Annual variations in MSLP can therefore be considered

Table 2. Pearson’s correlation coefficients (r) between the SEA annual and seasonal (austral summer, DJF; autumn, MAM; winter,
JJA; and spring, SON) average 9 am MSLP and the intensity of the STR (Drosdowsky, 2005), 1890–2009. All correlations
are statistically significant (p-value < 0.05, significant using the two-tailed Student’s t-test). Correlations between year-to-year
differences are also given in brackets.

rSTR-I MSLP

ANN

DJF

MAM

JJA

SON

0.89 (0.93)

0.81 (0.87)

0.91 (0.94)

0.93 (0.96)

0.94 (0.95)
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Figure 4. Annual Tmax (◦ C), Tmin(◦ C), MSLP (hPa) and RAIN (normalized anomalies) anomalies across SEA for 1871–2009 calculated using
20CR gridded data (solid lines) and area-averaged observational data (dashed lines). Anomalies have been calculated and normalized relative to
the 1910–1950 base period. The annual maximum and minimum anomalies for each variable across the 56 ensemble members of the 20CR are
also plotted (grey shading) to provide an estimate of 20CR uncertainty.

a measure of variations in the STR-I, particularly in the
cooler seasons. MSLP, DMI and NINO3.4 appear largely
in-phase, with positive MSLP anomalies being associated
with positive IOD and El Niño conditions.
3.1. Comparison with 20CR reanalysis
Figure 4 compares the normalized annual values of
SEA Tmax, Tmin, RAIN and MSLP determined by
the 20CR over 1871–2009 with that of the extended
observational SEA data, while Table 3 provides the
correlations between the observational and reanalysis
datasets. Correlations are shown between original data
values as well as year-to-year differences. Year-to-year
differences were examined to determine the ability of
the 20CR to capture interannual variability over SEA,
rather than long-term changes in the mean.
Correlations between the 20CR dataset and the
extended SEA observations are high, particularly for
MSLP and over the 20th century. The high agreement for
MSLP is not surprising, as the number of stations with

early MSLP data in SEA is small and several stations
in the observational network have also been used in the
20CR (R. Allan, pers. comm.). The high correlations
do, however, provide verification of the homogenization
technique used to develop the extended observational
MSLP network (Section 2.3). While Tmax values from
the 20CR are almost 2 ◦ C lower than the observations
before 1880, and Tmin values are around 1 ◦ C higher,
the year-to-year variations are similar to the observations. These results suggest that the 20CR can represent
relative variations in interannual SEA temperature during
1871–1909, but not the absolute value for each year.
RAIN values are also much higher in the 20CR than
the observed SEA RAIN until about 1885, although the
ensemble spread shows that the observational data are
within the range of 20CR uncertainty. This discrepancy
between the 20CR and observational data before 1885
may be due to a lack of available SST and MSLP
data around SEA in this early period, or due to the
interpolation techniques used in the early part of the

Table 3. Annual and seasonal correlations between the mean 20CR SEA area-average and the observational data area-average
for Tmax, Tmin, RAIN and MSLP, 1871–2009. All correlations are statistically significant (p-value < 0.05, significant using the
two-tailed Student’s t-test). Correlations between year-to-year differences are also given in brackets.
ANN
Tmax
Tmin
RAIN
MSLP

0.71
0.71
0.59
0.78

(0.79)
(0.82)
(0.57)
(0.87)
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DJF
0.60
0.77
0.51
0.66

(0.79)
(0.78)
(0.62)
(0.78)

MAM
0.73
0.69
0.69
0.85

(0.73)
(0.82)
(0.64)
(0.88)

JJA
0.83
0.72
0.63
0.91

(0.86)
(0.76)
(0.64)
(0.95)

SON
0.79
0.74
0.63
0.83

(0.81)
(0.81)
(0.67)
(0.87)
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reanalysis (Rayner et al., 2003; Compo et al., 2011).
Despite differences in the mean, the year-to-year rainfall
variations are similar. Interestingly, the high rainfall in
the 20CR data from 1871 to 1885 is associated with lower
Tmax. While there may be issues with the first decade
or so of the 20CR data, this result shows the ability of
the reanalysis to reproduce SEA’s strong physical out-ofphase relationship between Tmax and rainfall.
This examination of pre-1910 SEA climate has demonstrated that there is a high level of covariation between
SEA temperature, rainfall, MSLP, ENSO and the IOD.
There are also similarities between the second half of
the 19th century and the second half of the 20th century. For example, the early 1870s and 1890s stand out
as prolonged periods of above-average rainfall, similar
to the 1950s and 1970s. Conversely, the early 1880s and
Federation Drought are important below-average rainfall
periods that need to be placed into context in relation
to the 1997–2009 ‘Big Dry’ (Verdon-Kidd and Kiem,
2009). One way to explore these periods is to look at
the relationships between climatic variables and see how
they vary over time. To allow direct comparison between
the 20CR and SEA observational datasets, the remaining
analysis will focus on the 1871–2009 period of overlap.
4.

Climate covariations, 1871–2009

Figure 5 presents the annual and seasonal Pearson’s
correlation coefficients (r) between SEA Tmax, Tmin
and RAIN, and between large-scale circulation features
NINO3.4, DMI and MSLP and RAIN for 1871–2009.
Figure 5 also shows scatterplots to visually represent the
relationships between each variable. Statistical significance thresholds were determined using a 2000-member
Monte Carlo simulation ensemble (Livezey and Chen,
1983), where correlations were calculated between 2000
estimates from lag-1 autoregressive models forced with
the same autocorrelation as the observational data. This
produced a probability density function for each correlation, with significance levels taken at the 5th and 95th
percentiles. To minimize the influence of the post-1950
positive trends in the MSLP and temperature (Nicholls,
2010), correlations were calculated between the year-toyear differences of each variable, although the results
were comparable if this step was omitted.
The SEA temperature–rainfall relationships show clear
seasonal variations. In the warmer seasons (austral summer, DJF and spring, SON), Tmax and Tmin are highly
correlated, indicating that Tmin is primarily influenced
by Tmax (Jones and Trewin, 2000). Conversely, the
Tmin–RAIN relationship is weakest during DJF and
SON. In austral autumn and winter (MAM and JJA)
this relationship reverses: RAIN becomes the dominant
influence on Tmin, and the Tmax–Tmin relationship is
at its weakest. The negative Tmax–RAIN relationship
remains fairly constant throughout the year, and is
slightly stronger during JJA and SON.
The climatic influences on rainfall also show distinct
seasonal differences, reflecting the strong relationships
 2013 Royal Meteorological Society

ANN

DJF

MAM

JJA

SON

Tmax–Tmin

r=0.30

r=0.74

r=0.31

r=0.09

r=0.59

Tmin–RAIN

r=0.36

r=0.05

r=0.58

r=0.67

r=0.14

Tmax–RAIN

r=-0.66

r=-0.50

r=-0.43

r=-0.52

r=-0.59

RAIN–MSLP

r=-0.41

r=0.12

r=-0.34

r=-0.53

r=-0.23

RAIN–DMI

r=-0.45

r=-0.01

r=-0.19

r=-0.34

r=-0.42

RAIN–NINO3.4 r=-0.51

r=-0.25

r=-0.07

r=-0.41

r=-0.51

NINO3.4–MSLP r=0.50

r=0.45

r=0.23

r=0.26

r=0.48

DMI–MSLP

r=0.45

r=0.03

r=0.05

r=0.27

r=0.52

DMI–NINO3.4

r=0.52

r=0.04

r=-0.26

r=0.57

r=0.73

Figure 5. Pearson’s correlation coefficients (r) between annual and seasonal SEA Tmax, Tmin and RAIN, and SEA RAIN and NINO3.4,
DMI and MSLP, 1871–2009. Correlations that are statistically significant (determined using a 2000-member Monte Carlo test) are printed
in black, and non-significant correlations are printed in grey italics.
Scatterplots between normalized variables are also plotted as visual
representations of the correlations.

between SEA rainfall, ENSO and the IOD during the
austral winter and spring (Risbey et al., 2009a). MSLP
has the greatest impact on SEA rainfall during JJA when
it is a good proxy for the STR-I (Table 2). The negative
DMI–RAIN relationship is only significant during JJA
and SON, while the NINO3.4–RAIN relationship is
significant during all seasons except MAM. This is to be
expected as autumn is a well-known period of poor ENSO
and IOD climate modulation in Australia (McBride and
Nicholls, 1983; Murphy and Timbal, 2008). NINO3.4
shows a consistent positive relationship with the MSLP
throughout the year, with the weakest relationship in
MAM. The DMI is also positively correlated with the
MSLP, but the relationship is only significant during JJA
and SON. The positive DMI–NINO3.4 relationship is
also greatest during these cooler seasons, when the IOD
is most active (Saji et al., 1999).
These relationships show how SEA temperature, rainfall, MSLP and large-scale circulation features interact,
but do not take into account the interdependencies
amongst them. The high DMI–RAIN correlations in
JJA and SON, for example, may be enhanced by the
additional influence of the MSLP, which is positively
correlated with the DMI during this time. Conversely, the
Tmin–RAIN relationship during DJF and MAM might be
weakened by the additional influence of Tmax on Tmin
that is known to occur during these seasons (Jones and
Trewin, 2000).
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Figure 6. Schematic of the key dynamic relationships between SEA
temperature (Tmax and Tmin), rainfall (RAIN), MSLP and largescale circulation features (ENSO represented by NINO3.4 and the IOD
represented by the DMI). See Section 4 for details.

To examine such interactions, Figure 6 presents a
schematic of the dominant physical relationships between
large-scale circulation features and SEA climate variables
on interannual and seasonal scales. ENSO (represented by
NINO3.4) and the IOD (represented by the DMI) influence each other (Yu et al., 2002; Behera and Yamagata,
2003; Meyers et al., 2007; Cai et al., 2011) and the surface pressure over SEA (Behera and Yamagata, 2003;
Cai et al., 2011). All three of these circulation features
affect SEA rainfall (Murphy and Timbal, 2008). Rainfall
variations affect Tmax and Tmin (Jones, 1999; Jones and
Trewin, 2000; Alexander et al., 2007). Tmax has an additional impact on Tmin, but Tmin does not have a major
influence on Tmax (Jones and Trewin, 2000).
Several studies have also identified significant relationships between SEA temperatures and large-scale circulation features (Halpert and Ropelewski, 1992; Nicholls
et al., 1996b; Power et al., 1998; Jones and Trewin, 2000
for ENSO; Saji and Yamagata, 2003 for IOD; Gillett
et al., 2006; Hendon et al., 2007 for MSLP). However,
the majority of the influence of these features on SEA
temperature comes from the modulation of radiant and
latent surface heat fluxes, which is driven by changes in
rainfall and cloud cover (Power et al., 1998; Jones, 1999;
Jones and Trewin, 2000). Therefore, temperature variations were only examined in relation to coincident rainfall variability, because it represents the most significant
influence on interannual temperature changes in SEA.
To isolate the independent influences on SEA rainfall,
temperature, and MSLP, a path analysis is applied, using
partial and semi-partial correlations (Schumacker and
Lomax, 2004). Partial correlations quantify the strength
of a statistical relationship between the residuals of two
variables, once the influence of an external variable (or
set of variables) is removed from both. For example, to
determine how Tmax is related to Tmin, we first need
to remove the influence of RAIN on both variables by
calculating a linear regression between Tmax and RAIN,
and Tmin and RAIN. Subtracting the regressions from
Tmax and Tmin leaves the residuals, or the components
of Tmin and Tmax that are not influenced by RAIN.
The correlation between these residuals is the partial
correlation, and is represented by rTminTmax.RAIN . Semipartial correlations work in a similar way, but the external
influence of another variable is only removed from one
of the variables of interest rather than both. In the case
of Tmin and RAIN for example, we only need to remove
 2013 Royal Meteorological Society

the influence of Tmax on Tmin, because Tmax does not
have a physical effect on RAIN. This is represented by
rRAIN(Tmin.Tmax) .
Figure 7 presents the partial and semipartial correlations between each variable relevant to SEA climate,
taking into account the influence of the relationships
plotted in Figure 6. Scatterplots between residuals are
shown, as well as schematics similar to Figure 6, with
the width of each arrow indicating the relative strength
of the correlations between variables. Correlations
are calculated between year-to-year differences, to
minimize the influence of trends in the post-1950 data,
and a 2000-member Monte Carlo simulation ensemble
determines statistical significance.
By using partial and semipartial correlations, the
independent relationships between the SEA climate and
large-scale circulation are extracted. RAIN influences
Tmin throughout the year, not just in the cooler months
as suggested by Figure 5. The Tmax–Tmin relationship
is also highly positive throughout the year, although
remains slightly stronger in DJF and MAM. MSLP is
positively correlated with RAIN during DJF if the influences of DMI and NINO3.4 are removed, and remains
significantly negatively correlated during MAM and JJA.
The DMI–RAIN relationship breaks down in all seasons
with the influence of MSLP and NINO3.4 removed,
although there is still a weakly significant relationship
on an annual scale. The NINO3.4–RAIN relationship
remains statistically significant for all seasons except
MAM, similar to the results of the regular correlation
analysis shown in Figure 5.
The relationship between NINO3.4 and MSLP weakens slightly when the influence of the DMI is removed,
particularly during JJA and SON. The DMI–MSLP
relationship also weakens when the influence of
NINO3.4 is removed, especially in JJA. Interestingly,
the DMI–MSLP relationship during SON is significant,
but the DMI–RAIN correlation is not. This suggests
that the DMI influence on SEA rainfall during SON
comes through remote modulation of the local MSLP,
as discussed by Cai et al. (2011).
Repeating the analysis using 20CR data (not shown)
revealed similar relationships, although correlations were
generally slightly lower than those obtained using observational data. Two exceptions were the Tmax–Tmin
correlations, which were around 0.1 higher using the
20CR data in both annual and seasonal analysis, and the
annual NINO3.4–RAIN relationship, which was much
weaker when using 20CR rainfall. This was also the case
when 20CR relationships were examined using regular
correlations rather than path analysis.
4.1. Covariations in subperiods: 1871–1909,
1920–1959 and 1970–2009
Having identified the key relationships between SEA climate variables and large-scale oceanic and atmospheric
influences, we now examine how they differ in three
subperiods: 1871–1909, 1920–1959 and 1970–2009.
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Figure 7. (a) Correlations between annual and seasonal Tmax, Tmin and RAIN, and RAIN, NINO3.4, DMI and MSLP, 1871–2009. Correlations
have been calculated for each relationship represented by an arrow in Figure 6. rAB.C indicates a partial correlation between A and B, removing
the influence of C from both A and B, and rAB.CD means that the influence of both C and D have been removed from A and B before calculation.
rA(B.C) indicates a semi-partial correlation, removing the influence of C from B before calculation. rAB indicates a simple Pearson’s correlation
coefficient between A and B. rA(B.C).D means that the linear influence of C on B has been removed, and then the influence of D on A and the B
residuals has also been removed before calculation. Correlations that are statistically significant (determined using a 2000-member Monte Carlo
test) are printed in black, and non-significant correlations are printed in grey italics. (b) Annual, JJA and SON correlations from (a) replotted
using the schematic shown in Figure 6. Arrow width is an indication of the correlation strength between each variable.

We choose these subperiods to examine the influence
of ENSO variance and background warming on the
relationships affecting SEA climate. In 1871–1909
and 1970–2009 the ENSO variance is similar (Kestin
et al., 1998), but only 1970–2009 is influenced by
significant regional warming (CSIRO and the Australian
Bureau of Meteorology, 2012; Jones et al., 2012). The
1920–1959 period is not subject to large-scale warming,
but experiences a drop in the variance of ENSO and
the IOD compared to the other two subperiods (Kestin
et al., 1998; Abram et al., 2008). The 1910–1919 and
1960–1970 periods have been identified as times of
large changes in ENSO variance (Kestin et al., 1998).
To concentrate on stable periods of different ENSO
conditions and minimise the influence that these rapid
variance changes might have on the analysis, these
decades have been omitted from the subperiod comparison. We also limit our focus to JJA and SON, as ENSO
and the IOD have the greatest influence on SEA rainfall
during this time of the year (Risbey et al., 2009a).
 2013 Royal Meteorological Society

Table 4 shows the regular correlations between SEA
RAIN, the NINO3.4 and DMI for each of the different
subperiods, as well as the full 1871–2009 period. The
standard deviations of the DMI and NINO3.4 in each
subperiod are also shown. The standard deviations show
a clear drop in annual, JJA and SON variability in ENSO
during 1920–1959, with a corresponding decrease in
the NINO3.4–RAIN correlations. The DMI standard
deviation does not drop to the same extent, and in fact
seems to be increasing with time, in agreement with
studies of long-term IOD variations (Ihara et al., 2008).
The only real exception to this occurs in SON during
1920–1959, where there is a decrease in the DMI
standard deviation and a small drop in the DMI–RAIN
correlation.
To further examine the dynamics behind these
low-frequency changes in the relationships between
the DMI, NINO3.4 and SEA climate, Figure 8 shows
schematics of the annual, JJA and SON correlations
between climate variables in each subperiod using the
Int. J. Climatol. (2013)
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Table 4. Annual (ANN), austral winter (JJA) and austral spring (SON) correlations between NINO3.4 and RAIN (rNINO3.4-RAIN ) and
the DMI and RAIN (rDMI-RAIN ) during 1871–2009, 1871–1909, 1920–1959 and 1970–2009. Statistically significant correlations
are printed in bold (p-value < 0.05, significant using the two-tailed Student’s t-test). The standard deviation of NINO3.4 and the
DMI for each season and period or subperiod is also given (SD NINO3.4 and SD DMI).
1871–2009

rNINO3.4-RAIN
rDMI-RAIN
SD NINO3.4
SD DMI

1871–1909

1920–1959

ANN

JJA

SON

ANN

JJA

SON

ANN

JJA

SON

ANN

JJA

SON

−0.51
−0.45
0.81
0.67

−0.41
−0.34
0.82
1.05

−0.51
−0.42
1.15
1.20

−0.54
−0.33
0.89
0.56

−0.61
−0.33
0.88
0.89

−0.61
−0.46
1.20
1.07

−0.49
−0.43
0.69
0.50

−0.16
−0.40
0.68
0.90

−0.44
−0.34
0.91
0.89

−0.57
−0.66
0.90
0.69

−0.54
−0.39
0.92
1.14

−0.46
−0.39
1.38
1.30

path analysis outlined in the previous section. A block
bootstrapping technique was used (Zwiers et al., 2011) to
determine if the correlations identified were significantly
different from what is to be expected from a random
40-year period between 1871 and 2009. Eight five-year
blocks were chosen at random from the observational
time series and pieced together to form a synthetic
40-year time series for each variable. For the 39-year
period 1871–1909, a synthetic 39-year time series was
compiled using 13 three-year blocks, although the results
obtained were very similar to the 40-year series. Path
analysis was then conducted between these time series
2000 times to create probability density functions, with
significance levels taken at the 5th and 95th percentiles.
Correlations that are significantly different from expected
are printed in bold italics in Figure 8.
The greatest influence on RAIN during the 1871–1909
subperiod came from NINO3.4, with no significant
correlations between RAIN and the DMI and weak correlations between RAIN and MSLP. The JJA MSLP–RAIN
correlation was substantially weaker than for 1871–2009,
perhaps due to quality issues in the MSLP data, although
20CR correlations (not shown) reported a similarly weak
relationship. RAIN was positively correlated with MSLP

during SON, possibly reflecting the positive influence of
the STR-I on eastern seaboard rainfall identified by Timbal and Drosdowsky (2013). MSLP was also positively
correlated with the DMI during SON in this first subperiod, equivalent to the full 1871–2009 correlation shown
in Figure 7.
The main influences on RAIN during 1920–1959 were
local MSLP variations and the DMI, as the influence
of NINO3.4 on RAIN weakened dramatically. The
influence of NINO3.4 on RAIN and MSLP was weaker
during 1920–1959 than during any other time period
examined. Conversely, the annual and JJA MSLP–RAIN
relationships were stronger during this period than at
any other time period considered. In the cooler seasons,
this represented strong negative correlations between
the STR-I and SEA rainfall. The SAM may have also
been associated with the high MSLP–RAIN correlations
during 1920–1959, as variations in the SAM are closely
linked to MSLP changes in southern SEA (Risbey et al.,
2009a).This relationship is beyond the scope of this
study. The DMI–RAIN relationship was significantly
negative during 1920–1959, and there was also a weak
but significant negative relationship between annual
DMI and MSLP.

1871–1909

ANN

–0.65
0.53

1920–1959

–0.34

NINO3.4
0.48

MSLP

–0.13

RAIN

0.09

0.57

TMAX
0.52

NINO3.4
0.50

–0.73

0.31

MSLP

0.56

JJA

0.81

–0.48

0.28

MSLP

–0.13

RAIN

–0.09

0.78

TMAX
0.62

0.45

MSLP

–0.18

MSLP

–0.70

RAIN
0.73

TMAX
0.74

NINO3.4
0.58

0.19
0.26

RAIN

0.29

0.60

TMAX
0.72

DMI

–0.69

0.21

MSLP

0.03

RAIN
0.66

TMAX

TMAX
0.68

MSLP–0.55

0.92

NINO3.4
0.77

RAIN
0.68

TMIN

–0.50

TMAX

–0.26

0.17

MSLP –0.15 RAIN
0.35

TMIN

–0.03

DMI

–0.60

0.05

–0.29

–0.07

TMIN

0.03

TMIN

DMI

NINO3.4
0.73

0.78

0.65

–0.39

0.35

TMIN

DMI
–0.48

RAIN

0.18

–0.39

–0.47

–0.10

0.58

TMAX

–0.42

–0.55

0.16

TMIN

DMI

MSLP

–0.59
0.58

TMIN

0.02

NINO3.4
0.64

–0.25

DMI

0.04

NINO3.4

NINO3.4

–0.29

–0.38

0.82

RAIN

TMAX

DMI

NINO3.4
0.59

–0.26

–0.23

TMIN

1970–2009

–0.26

0.02

DMI

SON

1971–2009

0.62

0.86

TMIN

–0.01

DMI

Figure 8. Correlations between SEA climate variables (Tmax, Tmin, RAIN and MSLP) and large-scale circulation features (NINO3.4 and DMI)
over 1871–1909, 1920–1959 and 1970–2009 for annual values (ANN, top line), JJA (middle line) and SON (bottom line). Arrow width is
an indication of the correlation strength between each variable. Correlations are calculated as per Figure 7. Correlations that are significantly
different from expected (calculated using a block bootstrapping technique) are printed in bold italics.
 2013 Royal Meteorological Society
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During the most recent 1970–2009 subperiod, the main
influence on SEA rainfall appears to have been the DMI,
expressed particularly in annual and MAM values (MAM
not shown). This was seen in the increased correlations
between the DMI and MSLP as well as an increase
in the annual correlation between DMI and RAIN. The
NINO3.4–RAIN relationship in JJA returned to a similar
strength to that observed in 1871–1909 (as seen in
the regular correlations shown in Table 4), while the
MSLP–RAIN relationship during JJA remained strong,
but not quite as strong as during 1920–1959.
Repeating the subperiod path analysis using 20CR
data (not shown) verified the correlations obtained using
observational data, even in the early 1871–1909 period.
Both datasets identified a weak relationship between
MSLP and RAIN during 1871–1909, and an increase
in the annual DMI–RAIN relationship from the first
subperiod to the third. The annual DMI–MSLP relationship was also negative during 1920–1959 and strongly
positive during 1970–2009 using both observational and
20CR data. Finally, both datasets revealed a drop in the
NINO3.4–RAIN relationship in JJA during 1920–1959
and an increase in the DMI–RAIN and MSLP–RAIN
correlations.

5.

Discussion

It is clear that the relationships between SEA climate variables, ENSO and the IOD have varied considerably over
1871–2009. However, the majority of the correlations in
Figure 8 are within the range possible due to natural variability, and the correlations that are significantly different
do not provide a coherent indication of significant change.
Given that there are 81 correlations shown in Figure 8,
about eight correlations would be expected to be significant outside the 5–95% level just for random data. As
there are only four correlations that are significantly different from expected, we suggest that the variations in
the relationships between SEA climate, ENSO and the
IOD over 1871–2009 years are within the range of natural variability. Importantly, correlations seen in the recent
period, in the presence of background warming, do not
appear to be significantly different from normal in the
context of the last 140 years.
The largest variations in correlations between SEA
rainfall and large-scale circulation features are identified during 1920–1959, when the relationship between
NINO3.4 and SEA rainfall in austral winter became very
weak, and the DMI was weakly negatively correlated
with SEA MSLP and RAIN. A drop in global ENSO
teleconnections during the first half of the 20th century
has also been identified in previous studies (e.g. Elliott
and Angell, 1988; Knippertz et al., 2003; Suppiah, 2004),
supporting this result.
The reversal in the normally positive IOD–SEA climate relationship may be related to an increase in easterly
geostrophic flow and associated moisture flux over SEA
during the 1940–1960 period, as reported by Rakich et al.
 2013 Royal Meteorological Society

(2008). The increased easterly flow may have led to a
displacement of the Rossby wave train that is initiated
in the eastern Indian Ocean and links the IOD to SEA
rainfall (Cai and Cowan, 2008; Cai et al., 2011). Another
possibility is that the decrease in ENSO variance during
1920–1959 may have altered the behaviour of the IOD
during this time, as ENSO is known to be a driving force
in Indian Ocean temperature variations (Abram et al.,
2008; Dommenget, 2011).
With the decrease in the influence of NINO3.4 on SEA
rainfall during 1920–1959, it is logical that the IOD and
particularly local variations in MSLP would have played
an increasing role in modulating the regional rainfall
during this time. This is especially apparent during JJA
(Figure 8). It is therefore interesting that the annual influence of the DMI on SEA rainfall and MSLP remained
strong in the recent 1970–2009 period even when the
correlations between NINO3.4 and RAIN, and NINO3.4
and MSLP increased. The JJA DMI–RAIN correlations
returned to almost zero, but the annual correlations during
the three subperiods clearly show an increase over time.
The post-1960 period was dominated by more positive
IOD events than any other period since 1880, most likely
due to asymmetric warming in the Indian Ocean basin
(Ihara et al., 2008; Cai et al., 2009). Ummenhofer et al.
(2011) also suggest that positive IOD events are more
related to dry conditions in SEA than negative events are
related to wet condition. This nonlinear teleconnection
may have resulted in the increased DMI–RAIN correlations seen in the 1970–2009 period.
Figures 7 and 8 also show that the local MSLP over
SEA is influenced by both NINO3.4 and the DMI. As
the MSLP variations are highly correlated with the intensity of the STR, and STR-I has been increasing in recent
decades (Larsen and Nicholls, 2009), it is worth considering how these relationships may change in the future. The
DMI showed particularly high correlations with MSLP
during the recent 1970–2009 period, suggesting that the
increased frequency of positive IOD events could also be
linked to an increase in STR-I. It is important to remember also that the correlations in this study were calculated
between detrended data using year-to-year differences, so
the increasing relationship between MSLP and the DMI
is not due to a common positive trend.
One relationship that has remained stable over the
three subperiods is that between SEA rainfall and temperature, both Tmax and Tmin. Small decreases in
Tmax–Tmin and Tmax–RAIN correlations were apparent in 1871–1909 but this is likely due to uncertainties
associated with data quality and coverage (Ashcroft et al.,
2012). This result is in agreement with that of Trenberth
and Shea (2005) who found no change in the relationship
between mean temperature and precipitation variations on
a global scale in the presence of large-scale warming.
The DMI–NINO3.4 relationship has also remained relatively stable over time, in contrast to previous research
suggesting a decoupling of ENSO and the IOD during
1920–1959 (Abram et al., 2008; Ihara et al., 2008). The
high agreement between the two indices may have led
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to an underestimation of the role of each circulation
feature in the path analysis. As noted by Risbey et al.
(2009a), partial and semipartial correlations can act to
weaken the apparent influence of one variable on another
if the external variable and the variable of interest operate in a similar way. Partial and semipartial correlations
also assume a linear relationship between different variables, which may mask important nonlinear elements of
the relationships between ENSO, the IOD and SEA rainfall (Power et al., 2006; Meyers et al., 2007; Ummenhofer
et al., 2011). Nonetheless, the path analysis approach has
isolated several important features of the roles played by
ENSO, IOD and local MSLP in modulating SEA climate,
and how these roles have changed over time.
Finally, the quality of pre-1910 data must also be
considered in any study examining long-term changes
in climatic behaviour. While the 1860–1909 temperature, MSLP and rainfall data for SEA have undergone
detailed quality control and homogenization (Section 2),
there may still be remaining issues in the early period
due to fewer stations and less station history information. Similarly, the SST data used to calculate the DMI
and NINO3.4 index have issues of spatial coverage in the
pre-1900 period and during World War II (1939–1945)
when ship observations were scarce and the methods used
to record SST were uncertain (Kennedy et al., 2011).
However, the good agreement between the SEA observational dataset and the 20CR data increases confidence
in the results presented in this study.
6. Conclusions
Newly extended datasets of temperature, rainfall and
MSLP variations for SEA from 1860 to 2009 have been
developed, allowing for the first instrumental examination
of SEA climate over the past 150 years. The datasets have
identified periods of cool, wet conditions in 1860–1864,
1870–1875 and 1891–1984 and dry, generally warm,
conditions in 1876–1878, 1880–1885 and during the
Federation Drought (1895–1902). Similar results were
obtained using the 20CR, verifying our analysis of
the newly extended observational network. The good
agreement between the 20CR and observational data
also shows that the 20CR is able to capture interannual
variability in the SEA region from the late 19th century.
The relationships between SEA temperature, rainfall,
MSLP and large-scale circulation features ENSO and
the IOD were then examined using a path analysis
based on the physical interactions between each variable.
Strong relationships were identified between maximum
temperatures in SEA and rainfall variations, while minimum temperatures showed seasonally varying links with
Tmax and well as rainfall. SEA rainfall was found to
be influenced by local MSLP variations, and rainfall and
MSLP were modulated by changes in ENSO and the IOD.
Interestingly, our analysis suggests that almost all of the
IOD influence on SEA rainfall manifests as changes in
regional MSLP, with the correlations between the IOD
and SEA rainfall decreasing to almost zero when the
 2013 Royal Meteorological Society

common ENSO signal was removed. This result is in
agreement with Dommenget (2011) and others (e.g. Allan
et al., 2001) who question the independence of the IOD.
An examination of changes in these relationships over
three subperiods revealed that the influence of large-scale
circulation features on the SEA climate has varied considerably over time, but that these variations are within
the range of natural variability. While the non-stationary
influence of ENSO on Australian rainfall is well-known
(Kestin et al., 1998; Power et al., 1999), path analysis
has provided additional information about the changes
in ENSO–SEA climate relationship. In particular, the
1920–1959 period showed large changes in the correlations between SEA rainfall, ENSO, IOD and regional
MSLP when compared to 1871–1909 and 1970–2009.
Conversely, the interannual relationships between SEA
temperature and rainfall have remained relatively stable during periods of changing remote influences on
SEA rainfall and in the presence of large-scale warming. Similar results were again obtained using 20CR data,
suggesting that the 20CR is able to represent important
teleconnection patterns in the SEA region.
The extension of regional temperature, rainfall and
MSLP data back to 1860 has allowed for a comparison
between the modern climate, and climate during the
second half of the 19th century, when ENSO and
IOD variance was similar to today’s but there was no
significant increase in global temperatures (Jones et al.,
2012). Since the behaviour of ENSO is important for SEA
seasonal forecasting and long-term climate prediction
(Power and Smith, 2007), identifying changes in the
ENSO and IOD teleconnections that may be due to
anthropogenic climate change is vital. Our results suggest
that recent changes in the influence of ENSO and the IOD
on SEA rainfall variation lie within the range of natural
variability experienced over the last 140 years.
Further study is now required to examine the role of
low-frequency patterns such as the Interdecadal Pacific
Oscillation in modulating SEA climate relationships
(Power et al., 1999; Gergis et al., 2012). It would also
be valuable to assess the influence of the SAM in future
path analysis, particularly as increases in the SAM have
been linked to recent drying in southern Australia (Hendon et al., 2007; Nicholls, 2010). Unfortunately, current
instrumental records of SAM variations are generally limited to the second half of the 20th century due to poor data
coverage of the Antarctic region (Marshall, 2003). Given
the large spatial variability of SEA rainfall, similar path
analyses conducted for various subregions of SEA would
also yield valuable information, although was considered
beyond the scope of this study. A detailed examination of
upper level conditions using extended reanalysis or model
data would also improve understanding of the physical
changes behind the variations identified in this analysis.
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