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Interdecadal Pacific Oscillation, with the possible influence 
of a predominately negative phase of the Southern Annular 
Mode. However, current temporal and geographical data 
limitations prevent definitive conclusions from being drawn. 
Despite these caveats, this study illustrates the considerable 
value of historical instrumental climate data in assessing 
long-term variations in climate mode teleconnections, par-
ticularly in the data-poor Southern Hemisphere.
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1  Introduction

El Niño—Southern Oscillation (ENSO) is the leading influ-
ence of interannual global climate variability (Ropelewski 
and Halpert 1987; Allan et  al. 1996). Broadly character-
ised by sea surface temperature and atmospheric pressure 
dipoles across the tropical Indo-Pacific region (McBride 
and Nicholls 1983; Risbey et  al. 2009), ENSO influences 
temperature, rainfall and atmospheric pressure in many 
places around the world (Allan et al. 1996), either directly 
through tropical pressure variability or remotely through 
teleconnection patterns (Cai et al. 2011).

Australian climate is particularly sensitive to ENSO: 
El Niño events generally manifest as warm and dry con-
ditions, while cool and wet conditions often prevail during 
La Niña events (McBride and Nicholls 1983; Allan et  al. 
1996; Risbey et al. 2009). This relationship is strongest in 
inland eastern Australia (McBride and Nicholls 1983), and 
is asymmetrical (Power et  al. 2006), with the strength of 
La Niña events being more related to the size of positive 

Abstract  The El Niño–Southern Oscillation (ENSO) phe-
nomenon plays a large role in the modulation of Austral-
ian rainfall, particularly in the highly populated southeast. 
However, this influence is not stationary over time: weak 
ENSO teleconnections in Australia have been identified dur-
ing 1920–1950, and palaeoclimate reconstructions indicate 
that a breakdown in global ENSO teleconnections may have 
also occurred in the early to mid-1800s. A lack of long-term 
instrumental data has prevented detailed examination of 
this intriguing earlier period. This study uses newly recov-
ered instrumental rainfall observations to determine whether 
the weakening of ENSO teleconnections in the nineteenth 
century is apparent in eastern and southern southeastern 
Australia (SEA). Quantitative rainfall and rainday data 
from 1788 to 2012 are compared with three ENSO indices 
derived from palaeoclimate data. Statistical analysis suggests 
a weakening of the relationship between ENSO and SEA 
rainfall in the early nineteenth century data  (~1835–1850), 
supporting results reported in previous global and regional 
studies based on palaeoclimate and documentary rainfall 
reconstructions. Possible causes of this weakening in tel-
econnection strength are then explored by examining a range 
of Southern Hemisphere circulation indices. The 1835–1850 
period of low ENSO–SEA rainfall correlations appears to be 
characterised by a combination of reduced La Niña events 
and ENSO variance associated with a positive phase of the 
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rainfall anomalies than the strength of El Niño events are 
associated with the magnitude of rainfall deficits.

The relationship between ENSO and the highly popu-
lated southeastern region of Australia (SEA, Fig.  1) is 
somewhat more complex, due to local topography and the 
influence of additional remote, large-scale atmospheric and 
oceanic circulation features (Risbey et  al. 2009). Rainfall 
on the coastal region east of the Great Dividing Range is 
only weakly correlated with ENSO (Risbey et  al. 2009; 
Timbal 2010), with coastal systems and zonal wind flow 
dominating rainfall variability (Rakich et  al. 2008; Tim-
bal 2010). Sea surface temperature variations in the tropi-
cal Indian Ocean exert an independent influence on SEA 
rainfall (e.g. Meyers et al. 2007; Ummenhofer et al. 2011), 
as do mid-latitude atmospheric pressure patterns such as 
the sub-tropical ridge (Timbal and Drosdowsky 2013) and 
the Southern Annular Mode (Hendon et  al. 2007). These 
features do not occur in isolation either, and interactions 
between them have been found to both enhance and reduce 
the ENSO influence in various subregions of SEA (e.g. Cai 
et al. 2011; Pepler et al. 2014).

ENSO’s influence on Australian and global climate 
also exhibits multidecadal variability, hereafter referred to 
as low-frequency fluctuations (Power et  al. 1999; Gallant 
et  al. 2013). The 1920–1950 period is a well-known time 
of weakened ENSO teleconnections, with decreases in the 
influence of ENSO identified in many Australian and global 

climate studies (e.g. Allan et al. 1996; Cole and Cook 1998; 
Power et  al. 1999; Knippertz et  al. 2003). Palaeoclimate 
and documentary reconstructions from ENSO-sensitive 
areas also indicate that the early 1800s were dominated by 
low ENSO activity and a weakening of regional and global 
ENSO teleconnections (e.g. Mann et al. 2000).

In fact, a rainfall reconstruction for SEA developed by 
Gergis et al. (2012) from palaeoclimate data suggests there 
was a marked breakdown in the SEA rainfall–ENSO rela-
tionship during the early to mid-1800s. Understanding 
these low-frequency variations in ENSO teleconnection 
strength is crucial for water management and agricultural 
planning in SEA (Meinke et  al. 2005). However, high-
quality instrumental rainfall observations used for Austral-
ian climate research are generally only available from the 
early twentieth century (Lavery et al. 1997; Alexander et al. 
2010), hampering efforts to explore the stationarity of nine-
teenth century ENSO–Australian rainfall teleconnections 
(Power et al. 1998; Nicholls et al. 2006).

The dynamical mechanisms influencing decreases in the 
low-frequency variations of ENSO teleconnections, par-
ticularly in the SEA region, are still unclear (Power et al. 
1998). One theory is that the Interdecadal Pacific Oscilla-
tion (IPO), a multidecadal ENSO-like SST pattern in the 
Pacific, modulates the intensity and influence of ENSO 
events, with negative IPO phases associated with a weaken-
ing in ENSO teleconnection strength (Power et  al. 1999). 
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Fig. 1   Location of SEA rainfall stations with data coverage from 
1788 to 2012. a Rainfall observations available for the pre-1860 
period, as identified by Ashcroft et  al. (2014a). Symbols show the 
period in which observations began: 1788–1820 (circles), 1821–1840 
(squares), 1841–1859 (triangles). Solid symbols indicate quanti-
tative rainfall data availability, while open symbols indicate rain-
day data only. The southern and eastern regions of SEA as defined 

in this study are also shown. The SEA region and Australian states 
are shown in the Australian map (inset). b Rainfall stations with data 
for the 1860–2012 period, as outlined in Gergis and Ashcroft (2013). 
The symbols show the period in which rainfall records began at 
each station: pre-1860 (asterisk), 1860–1869 (diamond), 1870–1879 
(squares) and 1880–1899 (triangles). Key locations and geographical 
features mentioned in the text are also marked
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Stochastic changes in internal oceanic circulation, ENSO 
variance and periodicity, or a decoupling of the atmos-
pheric and oceanic components of ENSO have also been 
identified as possible contributors (Kestin et al. 1998; Allan 
2000). Cooler global temperatures due to volcanic erup-
tions or other external climate forcings have additionally 
been linked to the suppression of ENSO teleconnections 
(Reason et al. 1998; Mann et al. 2000), while some statisti-
cal analyses of global ENSO–rainfall correlations suggest 
that there may be no physical basis behind changes in tel-
econnection strength, and that low-frequency fluctuations 
are essentially random (van Oldenborgh and Burgers 2005; 
Wittenberg 2009).

In recent years, newly recovered instrumental data have 
allowed for the extension of homogenised monthly rainfall 
observations for SEA back to 1860 (Timbal and Fawcett 
2012; Gergis and Ashcroft 2013; Ashcroft et  al. 2014b). 
Further historical data recovery by Ashcroft et al. (2014a) 
provides additional instrumental data for regions of SEA as 
far back as European settlement in 1788. Combined with 
recently consolidated documentary rainfall data (Fenby 
and Gergis 2013), these historical datasets provide a new 
opportunity to explore SEA rainfall variability in the early 
to mid-nineteenth century.

The aim of this study is to determine whether the ENSO 
teleconnection breakdown reported elsewhere during the 
early to mid-nineteenth century (Mann et al. 2000) is pre-
sent in the newly recovered rainfall observations for SEA. 
The historical instrumental data may provide verification of 
the palaeoclimate analysis of Gergis et al. (2012), broaden 
the analysis of long-term eastern SEA rainfall variability 
conducted by Gergis and Ashcroft (2013), and shed more 
light on the behaviour of ENSO during the 1800s.

The structure of this study is as follows. The historical 
data are described in Sects.  2 and 3, illustrating wet and 
dry periods in SEA during the period of continuous rainfall 
data availability. Stationarity in the ENSO–SEA rainfall 
relationship during 1788–2012 is then explored in Sect. 4 
using a range of palaeoclimate ENSO reconstructions. 
Finally, in Sect.  5, the new historical dataset for SEA is 
used to investigate possible influences on ENSO–SEA rain-
fall teleconnection in the early to mid-nineteenth century.

2 � Data

2.1 � Instrumental and documentary data

Data for the pre-1860 period were extracted from the his-
torical SEA dataset developed by Ashcroft et  al. (2014a). 
This observational network includes newly recovered data 
from 21 rainfall and 27 rainday archival sources across 
SEA, and is the first instrumental dataset for the region to 

extend to European settlement in 1788 (Fig. 1). The histori-
cal data have been examined for biases and inhomogenei-
ties (Ashcroft et  al. 2014a), and analysis shows that the 
rainfall records in particular are in good agreement with 
concurrent documentary SEA rainfall records (Gergis et al. 
2012; Fenby and Gergis 2013; Ashcroft et al. 2014a).

Homogenised monthly rainfall data for 1860–2009 were 
taken from the observational network of 45 long-term SEA 
rainfall stations described in Gergis and Ashcroft (2013, 
Fig. 1b). To incorporate the wet period across Australia dur-
ing 2010–2012 (e.g. Hendon et  al. 2013) and account for 
limited data availability from the long-term rainfall stations 
post-1970 (Gergis and Ashcroft 2013), additional rainfall 
data were obtained from the Australian Bureau of Mete-
orology (BoM) interpolated Australian Water Availabil-
ity Project (AWAP) dataset (Jones et al. 2009). Data from 
the 0.05° ×  0.05° AWAP gridded product were extracted 
from the gridpoint closest to each of the 45 long-term rain-
fall stations. The mean difference between the instrumen-
tal and AWAP values was then calculated and added to the 
instrumental values. This step made minimal difference to 
the 1860–2009 instrumental rainfall data (the differences 
for both eastern and southern SEA normalised precipitation 
anomaly series were <0.04), but was implemented to pro-
vide consistency between the two datasets.

Rainday counts from the SEA cities of Sydney and Ade-
laide (Fig.  1) were also used as local proxies for rainfall 
variability in eastern and southern SEA. Rainday counts 
from Ashcroft et  al. (2014a) and the BoM observational 
network were combined for 1826–2012 for Sydney (BoM 
station number 066062) and 1839–2012 for Adelaide (BoM 
station numbers 023000 and 23090). Raindays from BoM 
were taken as days with more than 0.2  mm of rainfall to 
best match the seasonal cycle of raindays counts in the his-
torical 1788–1860 data. Unfortunately no information on 
the threshold used for the historical rainday counts could be 
located (Ashcroft et al. 2014a).

The data were then separated into eastern and southern 
SEA regions (shown in Fig.  1) due to low data availabil-
ity in the pre-1860 period and the differing climate features 
that are known to influence these subregions (Risbey et al. 
2009; Timbal 2010). To compare relative rainfall variability 
across the full 1788–2012 time period, rainfall values were 
converted into normalised precipitation anomalies (NPA) 
relative to 1910–1950 values as described in Gergis and 
Ashcroft (2013). The 1860–2012 values were combined 
into SEA, eastern and southern SEA area-averages using 
Thiessen polygons (Thiessen 1911), while the 1788–1859 
rainfall NPAs were arithmetically averaged due to the 
lower spatial data coverage available for analysis.

It should be noted that the rainfall and rainday data for 
eastern SEA are largely concentrated in the Sydney region 
before 1840, meaning that they may not capture the full 
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range of eastern SEA rainfall variability as defined in this 
study. An examination of the spatial correlations between 
twentieth century Sydney rainfall and SEA gridded rainfall 
data (Gergis and Ashcroft 2013), however, revealed that 
modern Sydney rainfall variability is significantly corre-
lated with rainfall along the eastern NSW seaboard, with 
correlations decreasing sharply to the west of the Great 
Dividing Range (Timbal 2010). This coherence suggests 
that the pre-1840 eastern SEA data can be used to infer 
some rainfall variability in the broad region of eastern SEA 
marked in Fig. 1.

Documentary information on rainfall variability in SEA 
for 1788–1859 was taken from the SEA rainfall reconstruc-
tion of Fenby and Gergis (2013). This study analysed 12 
documentary compilations of rainfall variability across 
SEA, building a comprehensive index of wet and dry years 
for the region. As discussed in Ashcroft et al. (2014a), the 
documentary chronology is in good agreement with instru-
mental rainfall data available for the pre-1860 period, and 
was used to represent rainfall variations when instrumental 
data were not available.

2.2 � Circulation indices

Several palaeoclimate ENSO reconstructions were used 
to explore the stationarity of teleconnections in SEA over 
the 1788–2012 period. Gergis and Fowler’s (2009) ENSO 
chronology (GF09), determined using 15 palaeoclimate 
and documentary records from ENSO sensitive regions, 
was used for analysis of discrete ENSO events. GF09 pro-
vides an annual assessment of the occurrence and strength 
of El Niño and La Niña events from 1525 to 2002.

The palaeoclimate records of ENSO variability devel-
oped by Li et al. (2013) and Emile-Geay et al. (2013) were 
also used to examine correlation changes in the ENSO–
SEA rainfall relationship. The Li et al. (2013) reconstruc-
tion (Li13) combines 2222 tropical and sub-tropical tree-
ring chronologies to create an annual reconstruction for 
November–January sea surface temperature (SST) variabil-
ity in the Niño3.4 region (5°S–5°N, 170°W–120°W) over 
the 1301–2005 period. Emile-Geay et  al. (2013, EG13) 
used two independent methods to combine tropical coral, 
tree-ring, ice-core and sediment records that displayed sig-
nificant relationships with ENSO to reconstruct an estimate 
of SST variability in the Niño3.4 region, with most statisti-
cal skill identified for 1500–1995. The Pearson’s correla-
tion coefficient between the Li13 and EG13 reconstructions 
during the overlapping 1500–1995 period is 0.43, increas-
ing to 0.63 for the 1788–1995 period of interest.

The SEA historical rainfall records and ENSO correla-
tions were also compared to several palaeoclimate recon-
structions of other Southern Hemisphere circulation fea-
tures that influence SEA climate. Interdecadal Pacific 

Oscillation (IPO) phases for the pre-instrumental period 
were determined from the McGregor et  al. (2010) Uni-
fied ENSO Proxy index (UEP), which was developed by 
combining nine previously published ENSO reconstruc-
tions. The UEP has been smoothed with a 13-year Lanczos 
low-pass filter to capture the IPO signal (McGregor et  al. 
2010). Linsley et  al. (2008)’s reconstruction of variations 
in the South Pacific Convergence Zone (SPCZ) was used 
as an additional index of IPO variability, as changes in the 
SPCZ are closely linked to variations in the IPO (Folland 
et al. 2002).

Finally, Southern Annular Mode (SAM) reconstruc-
tions developed by Abram et al. (2014) and Villalba et al. 
(2012) were used to represent SAM variability. Villalba 
et  al. (2012) used the tree rings of over 3000 trees from 
Australia, New Zealand and South America to derive the 
hemispheric variability of the SAM during austral sum-
mer (December–February, DJF) from 1409 to 2006. The 
Abram et  al. (2014) annual SAM reconstruction covering 
1000–2007 was derived from ice cores taken from James 
Ross Island off the Northern Antarctic Peninsula and South 
American tree ring data. While the variations in the Abram 
et al. (2014) reconstruction are most closely linked to SAM 
behaviour in the Drake Passage region, their analysis indi-
cates that the SAM in this area is highly correlated with the 
zonal SAM average on annual or longer timescales (Abram 
et al. 2014).

3 � Eastern and southern SEA rainfall variability, 
1832–2012

To examine long-term rainfall variability in eastern and 
southern SEA, Fig.  2 shows the 5-year moving averages 
of annual NPAs relative to 1910–1950. Prolonged wet and 
dry periods are also shown, defined following Ummenhofer 
et  al. (2011): 5-year moving averages of NPAs were cal-
culated and a period classified as wet or dry if it crossed a 
threshold of one standard deviation above or below zero for 
at least two consecutive 5-year means. The starting point 
of each wet and dry period was defined as the central year 
of the 5-year period when the moving average crossed the 
zero line before reaching the threshold. The end of each 
period was classified as the year when the moving average 
failed to reach the cut-off for more than 1 year.

According to this definition, prolonged wet periods 
occurred in eastern SEA during 1859–1873, 1889–1895, 
1949–1955 and 1971–1977. Southern SEA experienced 
extended wet conditions during 1837–1839, 1849–1851, 
1870–1874, 1888–1893, 1918–1919, 1951–1955, 1971–
1977 and 1991–1994. Seasonal analysis (not shown) indi-
cated that the twentieth century wet periods in eastern SEA 
in particular were dominated by above-average rainfall in 
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austral summer (December–February, DJF) and spring 
(September–November, SON), while pre-twentieth century 
wet periods were associated with above-average rainfall 
year-round or particularly wet austral autumns (March–
May, MAM). This is an interesting result given the weak 
teleconnections between SEA rainfall and ENSO in aus-
tral autumn, and the significant drying that occurred during 
MAM in the 1997–2009 ‘Millennium Drought’ (Murphy 
and Timbal 2008; Verdon-Kidd and Kiem 2009).

Prolonged dry periods are identified in eastern SEA 
during 1848–1855, 1881–1883, 1897–1901, 1917–1918, 
1924–1926, 1935–1943, 1993–1994 and 2001–2008. In 
southern SEA, extended dry spells occurred in 1842–
1846, 1867–1868, 1897–1902, 1913–1914, 1926–1929, 
1936–1944, 1966–1968, 1996–1997 and 2001–2009. Dry 
conditions experienced in southern SEA during the 1880s 
are also apparent, but are not extreme enough to classify 
as a prolonged drought according to the definition used in 
this study. The prolonged dry period in eastern SEA from 
1848 to 1855 was largely associated with rainfall deficits 
in DJF and MAM (seasonal analysis not shown), while the 
southern SEA dry period during 1841–1845 was due to a 
decrease in rainfall in MAM and SON.

As described elsewhere (e.g. Nicholls 2010), the most 
recent 1997–2009 Millennium Drought in SEA was char-
acterised by a dramatic reduction in MAM rainfall across 
both regions of SEA (seasonal analysis not shown). The 
prolonged dry period corresponding to the World War II 
drought (~1935–1945) was associated with a decrease in 
rainfall during all seasons and both subregions of SEA, 
while the Federation Drought (~1898–1904) was domi-
nated by a decrease in rainfall during June–August (JJA) 
and SON over southern SEA (Verdon-Kidd and Kiem 

2009) and during DJF and SON in eastern SEA. The data 
presented here are also in good agreement with other stud-
ies comparing the three major SEA droughts since the 
1890s (Trewin and Fawcett 2009; Ummenhofer et al. 2009; 
Verdon-Kidd and Kiem 2009), which found that the recent 
1997–2009 drought was the most severe in southern SEA, 
and the World War II drought and Millennium droughts 
were similar in duration.

Extending the rainfall record also provides some new 
information about nineteenth century SEA subregional 
climate variability (Gergis and Ashcroft 2013; Ashcroft 
et  al. 2014a). The eastern SEA drought experienced dur-
ing 1848–1855 appears to be as long as the World War II 
drought experienced in the subregion, although the negative 
rainfall anomalies during 1848–1855 were not as extreme 
in magnitude. It is interesting to note that southern SEA 
experienced a prolonged wet period during this time, in 
contrast to the World War II drought, which was dry across 
both eastern and southern SEA.

4 � SEA–ENSO teleconnection stationarity,  
1788–2012

4.1 � Discrete ENSO event analysis

Next, the long-term stationarity of the ENSO–SEA rain-
fall relationship is examined using comparisons of discrete 
ENSO events. The focus here is on the relatively unexam-
ined 1788–1870 period, complementing the palaeoclimate 
studies of nineteenth century ENSO teleconnection station-
arity (Mann et al. 2000; Gergis et al. 2012) and extending the 
SEA-wide 1871–2009 analysis of Ashcroft et  al. (2014b). 

Eastern SEA

Southern SEA

1850 1900 1950 2000
Year

Wet period Dry period

1
0

-1

1
0

-1

4

2

-2

-2

2

3

Fig. 2   Five-year moving averages of annual rainfall in eastern SEA 
(top) and southern SEA (bottom), 1832–2012. Five-year running NPA 
means calculated using 1860–2012 data are shown in solid lines; 
means calculated using pre-1860 data are shown with dashed lines. 

Five-year running means are plotted for the centre year of each 5-year 
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1832–1859, dark blue for 1860–2012) and prolonged dry periods are 
shaded in grey (light grey for 1832–1859, dark gray for 1860–2012)
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Tables  1 and 2 compare wet and dry years in eastern and 
southern SEA with the discrete GF09 ENSO event chro-
nology from 1788 to 1870. The wet and dry years refer to 
a May–April year, corresponding with the peak biological 
ENSO signal in the GF09 reconstruction (Gergis and Fowler 
2009). The ENSO reconstruction values are compared to 
the following years of rainfall i.e. the ENSO value for 1888 
is compared with the rainfall values for May 1888 to April 
1889. Wet and dry years are defined as years with NPAs half 
a standard deviation above and below the 1910–1950 mean 
respectively, dividing the rainfall data into rough terciles 
following Ashcroft et  al. (2014a). The standard deviation 
for the pre-1871 period was determined using the available 
1788–1860 anomalies, rather than 1910–1950, to account for 
higher variance in the arithmetically averaged pre-1860 data.

The GF09–SEA rainfall comparison reveals generally 
weak to moderate relationships between GF09 and SEA 
rainfall variability over the periods of available instrumen-
tal data from 1788 to 1870. The rainfall data and rainday 
counts for eastern SEA show an approximation of the gen-
eral ENSO signal (Risbey et al. 2009): more years with a 
low rainday count are associated with El Niño events than 
La Niña conditions, and years of above-average rainfall 
correspond more to La Niña years than El Niño years. 
However, these relationships are insignificant (p  >  0.05) 

using the Fisher–Freeman–Halton Exact Test for independ-
ence of a 3 ×  3 contingency table distribution (Freeman 
and Halton 1951). Interestingly, the dry years of 1848–1855 
occurred at a similar time as protracted La Niña conditions 
(Allan and D’Arrigo 1999; Gergis and Fowler 2009), which 
are usually associated with above-average rainfall.

The southern SEA region shows an unexpected relation-
ship between ENSO and rainfall for 1835–1870. While these 
distributions are not significant either, the general agreement 
between El Niño/Dry and La Niña/Wet is not apparent. In par-
ticular, the rainday counts show that seven out of 11 wet years 
between 1837 and 1857 (when rainday data are available) 
occurred during El Niño conditions. This reversed relationship 
is not as clear in the rainfall comparison, with dry conditions 
in the mid-1840s occurring at the same time as a protracted El 
Niño state (Gergis and Fowler 2009). Overall, El Niño events 
are associated with the same number of wet years as dry years 
in eastern SEA. Three of the seven El Niño events that are 
associated with a wet year in southern SEA were recorded as 
weak in GF09 (Gergis and Fowler 2009) which may explain 
this, but even if the weak ENSO events are removed from the 
comparison, no significant agreement emerges between south-
ern SEA rainfall and ENSO over 1835–1870.

The 1788–1825 period is only represented by three iso-
lated rainfall and rainday records in eastern SEA, shown 

Table 1   Eastern SEA wet and dry years compared to the Gergis and Fowler (2009) ENSO chronology (GF09) for the years with instrumental 
data available, 1788–1870

Wet and dry years are classified using rainday counts (top three rows) and rainfall amounts (bottom three rows). Years before 1826, when con-
tinuous observations begin, are printed in brackets. Wet and dry years are defined over May–April, and compared to the following calendar year 
of GF09 to align the period of greatest ENSO influence over Australia with the peak biological signal of the palaeoclimate ENSO reconstruction

El Niño Neutral La Niña

Dry rainday 1832, 1837, 1845, 1851, 1857 1834, 1835, 1838, 1841, 1853 (1823), 1849

Normal rainday (1790, 1791, 1803), 1828, 1836, 1843,  
1847, 1852, 1855, 1856

(1821), 1826, 1827, 1833, 1854 (1788, 1789), 1840

Wet rainday 1831, 1844 1829, 1830 (1804), 1839, 1842, 1846, 1849, 1850

Dry rain 1832, 1837, 1845, 1851, 1852, 1865 1834, 1838, 1854 (1822), 1848, 1849

Normal rain 1843, 1855, 1857, 1864 1835, 1853, 1858 1842, 1846, 1861

Wet rain 1836, 1844, 1847, 1856, 1863, 1866 (1821), 1833, 1841, 1868 1840, 1850, 1859, 1860, 1862, 1867, 
1869, 1870

Table 2   As for Table 1, but for southern SEA

El Niño Neutral La Niña

Dry rainday 1857 1841, 1854 1840, 1850

Normal rainday 1847 1838, 1853 1839, 1842, 1846, 1849

Wet rainday 1837, 1843, 1844, 1845, 1852, 1855, 1856 1833, 1841, 1868 1848

Dry rain 1843, 1844, 1847, 1864, 1865 1835, 1841, 1854, 1868 1850

Normal rain 1845, 1855, 1856, 1857, 1866 1838 1840, 1842, 1846, 1859, 1860, 1861, 1869

Wet rain 1836, 1837, 1851, 1852, 1863 1853, 1858 1848, 1849, 1862, 1867, 1870



2997Long-term stationarity of El Niño–Southern Oscillation teleconnections in southeastern…

1 3

in brackets in Table 1. To provide a comprehensive analy-
sis of ENSO–SEA rainfall co-variability since European 
settlement in 1788, Table  3 compares GF09 with the wet 
and dry years identified for eastern NSW from documen-
tary sources by Fenby and Gergis (2013) for 1788–1840. 
Unfortunately the limits of colonial Australian settlement 
mean that there are not enough instrumental or documen-
tary records to extend the analysis to southern SEA.

The documentary record for eastern SEA generally sup-
ports the findings of the instrumental data, showing weak 
to moderate ENSO–SEA rainfall teleconnections over 
the 1788–1840 period (p  =  0.06 using the Fisher–Free-
man–Halton Exact Test). The most extreme ENSO event 
within the 1806–1820 period with no instrumental data 
is a protracted El Niño event during 1814–1817 (Gergis 
and Fowler 2009), which was associated with prolonged 
drought in the documentary record (Fenby and Gergis 
2013). There also appears to be a number of La Niña events 
that were associated with normal, rather than wet, rainfall 
conditions in eastern SEA in the early 1800s. This may be 
due to the difficulties in determining wet years using docu-
mentary data (Brázdil et al. 2010; Fenby and Gergis 2013) 
and the enhanced role of local orographic features and 

coastal systems on rainfall along Australia’s eastern sea-
board (Speer et al. 2010).

When ENSO–SEA rainfall relationships over 1826–
1870 (the period of continuous rainday data for eastern 
SEA) are compared to the long-term agreement between 
GF09 and rainfall over 1871–2002, the pre-1870 period 
stands out as one of weak ENSO teleconnections across 
southern SEA. Table  4 provides a visual comparison and 
shows the percentage of years in eastern and southern SEA 
that fall into each of the nine possible combinations of 
wet, dry and normal conditions with El Niño, neutral and 
La Niña phases for 1871–2002 and the pre-1871 period.r 
ENSO phases are determined by the GF09 chronology. The 
ENSO phase that is associated with the most wet, normal 
and dry years in each period is highlighted.

The top left and bottom right boxes for each rain-
fall dataset are expected to be highlighted if the tradi-
tional ENSO–SEA rainfall relationship is present. The 
1871–2002 period indeed shows a significant relationship 
between ENSO and SEA rainfall, with wet conditions 
occurring more frequently during La Niña events, and dry 
years more common during El Niño events (p < 0.05). The 
eastern SEA data shows a similar pattern for 1825–1870, 

Table 3   Eastern SEA wet and dry years from the Fenby and Gergis (2013) documentary rainfall chronology compared to the Gergis and Fowler 
(2009) ENSO chronology (GF09), 1788–1840

Wet and dry years are defined over May–April, and compared to the following calendar year of GF09

El Niño Neutral La Niña

Dry 1790, 1791, 1798, 1802, 1803, 1811,  
1813, 1814, 1815, 1828, 1837

1826, 1827, 1835, 1838 1809, 1810, 1824

Normal 1792, 1806, 1823, 1832 1795, 1799, 1817, 1820, 1821,  
1825, 1833, 1834

1789, 1794, 1800, 1801, 1807, 
1812, 1818, 1819, 1822

Wet 1793, 1797, 1805, 1816, 1831, 1836 1829, 1830 1788, 1796, 1804, 1808, 1839, 1840

Table 4   Distribution of years (in rounded percentages) in each of the nine possible combinations of El Niño, neutral and La Niña phases with 
wet, normal and dry conditions, comparing May–April wet and dry years in eastern and southern SEA with GF09

Distributions are shown for 1871–2002 rainfall data (131 years, all), as well as rainday and rainfall classifications over the period of data avail-
ability: 1826–1857 for eastern SEA and 1837–1857 for southern SEA rainday data (RD), 1832–1870 for eastern SEA and 1835–1870 for south-
ern SEA (rain). The highest percentage for each ENSO phase in each of the three possible rainfall categories are  bold.

El Niño Neutral La Niña

All RD Rain All RD Rain All RD Rain

Eastern SEA

Dry 19 15 16 3 15 8 5 3 5

Normal 21 21 11 8 12 8 9 9 8

Wet 11 6 16 2 6 8 21 15 21

Southern SEA

Dry 13 5 14 5 10 11 5 10 3

Normal 27 5 14 5 10 3 17 19 20

Wet 12 33 14 4 5 6 14 5 14



2998 L. Ashcroft et al.

1 3

both in rainfall data and rainday counts, although the distri-
bution is not statistically significant.

For the southern SEA region, this pattern is not as clear. 
No significant relationship between ENSO and SEA rain-
fall is apparent, and the rainday counts indicate that wet 
years were more prevalent during El Niño years over 1837–
1857, with 7  years (or 33  %) falling into this category. 
This compares to only 12  % over the 1871–2002 period. 
The percentage of wet years defined using rainfall data that 
occurred during La Niña years (14 %) during 1835–1870 
is the same percentage that occurred during El Niño condi-
tions. This is actually not a large deviation from the 1871–
2002 distribution, where 14 % of wet years occurred during 
La Niña conditions and 12 % of wet years coincided with 
El Niño conditions. Although this discrete event analysis 
alone does not indicate a significant change in ENSO influ-
ence, it does suggest low agreement between ENSO condi-
tions and southern SEA rainday data during 1835–1870.

4.2 � Correlations between SEA rainfall and continuous 
ENSO reconstructions

Discrete event analyses between the GF09 ENSO chronol-
ogy and the 1788–1870 SEA rainfall and rainday data are 
valuable for the analysis of individual ENSO events and 
their societal impacts, but cannot provide adequate insight 
into the question of long-term stationarity in ENSO tel-
econnections. Another way to examine the relationship 
between ENSO and SEA climate is to evaluate correlations 
between SEA rainfall and continuous ENSO reconstruc-
tions, rather than discrete chronologies of ENSO events 
such as GF09.

To compare changes in the stationarity of ENSO tel-
econnections over the post-1832 period when rainfall data 
are available (post-1835 for southern SEA), Fig. 3 displays 
the 21-year moving correlations between annual (May–
April) NPA for eastern and southern SEA and two ENSO 
reconstructions Li13 and EG13. ENSO reconstruction val-
ues are again compared to the following May–April rainfall 
and rainday value. Periods of significant correlations are 
determined using the block bootstrapping method (Zwiers 
et  al. 2011), to account for autocorrelation in the rainfall 
and ENSO series. An ensemble of 2000 synthetic 21-year 
blocks was created from random 3-year periods of each 
data series, and correlations calculated between each syn-
thetic block. Significance levels are taken at the 2.5th and 
97.5th percentiles of the resulting correlation probability 
distribution function.

The moving correlations reveal high variability in ENSO 
teleconnections over 1832–2005. Eastern SEA rainfall 
shows the weakened correlations with both ENSO recon-
structions during the 1930s–1940s [previously identified 
by Kestin et  al. (1998) and Allan et  al. (1996), among 

others] and 1860s–1870s, with additional weak correlations 
between Li13 and eastern SEA rainfall during the early 
1900s and the 1830s–1840s. Strong correlations between 
Li13, EG13 and eastern SEA rainfall occurs during the 
intervening periods, particularly during 1880–1900, which 
was also identified in the SEA-wide seasonal teleconnec-
tion analysis of Ashcroft et  al. (2014b). The eastern SEA 
rainfall–EG13 correlations are slightly stronger than the 
eastern SEA rainfall–Li13 correlations, but the multidec-
adal variations are very similar for both reconstructions.

The correlations between Li13, EG13 and southern SEA 
rainfall are also in good agreement. Decreased correlations 
with ENSO are observed around 1930–1950, at the turn 
of the twentieth century and during the 1830s and 1840s, 
while strong correlations are observed during 1910–1920 
and the 1970s (Allan et  al. 1996). The ENSO–southern 
SEA rainfall correlations during the 1840s in particular 
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Fig. 3   21-year moving correlations between a eastern SEA rainfall 
and b southern SEA rainfall and Li13 (solid line) and EG13 (dashed 
line). Correlations are plotted on the centre year for each 21-year 
period. Variations in the IPO, calculated from McGregor et  al. 
(2010)’s Unified ENSO proxy are also plotted. Correlations that are 
above or below the black dotted lines (Li13 correlations with east-
ern and southern NPA) and grey dotted lines (EG13 correlations with 
eastern and southern NPA) are statistically significant (significance 
levels determined using block bootstrapping)
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display a weakening and even a dramatic reversal towards 
positive correlations in the earliest part of the record, sup-
porting the discrete event analysis reported earlier. The 
southern SEA–Li13 correlations also show a weakening in 
the most recent period (1985–2005), which is not present in 
the eastern correlations.

The results of these moving correlations in conjunction 
with the discrete ENSO event analysis suggest the histori-
cal instrumental data for SEA seems to indicate a weaken-
ing of ENSO teleconnections across the region during the 
early 1800s, similar to the well-known reduction of ENSO 
teleconnections during 1920–1950. In particular the data 
from southern SEA show a statistically significant reversal 
in the correlations between rainfall and ENSO. This find-
ing is in general agreement with the Gergis et  al. (2012) 
multiproxy palaeoclimate reconstruction of SEA rainfall, 
which found a complete breakdown between ENSO and 
their rainfall reconstruction during 1793–1840. Gergis et al. 
(2012) also  identified a weakening or reversal in the rela-
tionship with ENSO and individual proxies used in their 
reconstruction, a finding supported by separate studies of 
single regional proxies [e.g. Fowler et  al. (2012) for New 
Zealand tree-ring data and Lough (2007) for coral data 
from the Great Barrier Reef].

The results from the SEA historical instrumental data 
additionally agree with other studies of global nineteenth 
century ENSO variability. Mann et  al. (2000) identified 
1801–1850 as a period of dramatic global departure from 
standard ENSO teleconnections in their multiproxy analy-
sis of ENSO back to 1650, while D’Arrigo (2005a, b) 
found a decrease in ENSO variability and associated tel-
econnections across the Northern Pacific during the mid-
1800s. Conversely, other studies have found that this period 
was not associated with any unusual ENSO teleconnection 
behaviour. For example Nash and Endfield (2002, 2008) 
and Nash and Grab (2010) found largely consistent rela-
tionships between ENSO and nineteenth century southern 
African rainfall derived from documentary data, although 
they did note some exceptions during 1820–1840. Adam-
son and Nash (2014) found a peak in correlation between 
the western Indian monsoon and ENSO during 1835–1845.

Given these differences and the number of large-scale 
circulation features that influence SEA rainfall, it is worth 
exploring the different factors that could have affected 
the ENSO–SEA rainfall teleconnections during the nine-
teenth century. It may be that the results identified in this 
study are due to additional local influences, rather than 
global changes in ENSO behaviour. The spatial limita-
tions and uncertain quality of the historical data must 
also be seriously considered as a potential variable that 
would confound the results. The following section pro-
vides a preliminary discussion of possible factors that may 
have contributed to the observed decrease in the ENSO 

teleconnection identified over southern SEA during the 
early nineteenth century.

5 � Possible influences on nineteenth century 
southeastern Australian rainfall–ENSO 
teleconnection variability

5.1 � Historical rainfall data quality

The first possibility could be that the low ENSO–SEA rain-
fall correlations described in Sect. 4 are due to poor quality 
and spatial coverage of the historical rainfall observations. 
Although the historical observations have been rigorously 
examined for inhomogeneities and errors, they were not 
taken using modern standards, and limited metadata are 
available (Ashcroft et  al. 2014a). The observations in the 
pre-1870 period are primarily from coastal regions (Ash-
croft et al. 2014a, b) as well, where ENSO’s influence on 
Australian rainfall is weaker (Risbey et al. 2009). As more 
stations data are introduced to the record, the correlations 
could artificially increase. The reliability of the ENSO 
reconstructions may also be questioned, although simi-
lar results were obtained using three independent records, 
which have all been rigorously checked against modern 
instrumental indices (Gergis and Fowler 2009; Emile-Geay 
et al. 2013; Li et al. 2013).

To test the influence of a smaller rainfall dataset on 
ENSO–SEA rainfall correlations, 21-year moving correla-
tions were calculated between Li13, EG13 and long-term 
rainfall records from three SEA locations with the earli-
est rainfall data: Sydney, Adelaide, and western Tasmania. 
Rainfall data from the Stanley Post Office (BoM station 
number 91094) for 1883–1976 were used to represent rain-
fall variations near Hampshire Hills in northwestern Tas-
mania, where the earliest rainfall observations for southern 
SEA are available (Ashcroft et  al. 2014a). Rainfall obser-
vations and rainday counts from Adelaide (BoM station 
numbers 23000 and 23070) were used as an additional 
representation of southern SEA rainfall variability as they 
extend to 1839. Rainfall and rainday data for Sydney from 
both pre-1860 and post-1860 datasets were combined to 
produce an annual record that covers 1832–2012 (Gergis 
and Ashcroft 2013).

Figure  4 compares the 21-year moving correlations 
between Li13, EG13 and annual (May–April) rainfall from 
Sydney, Adelaide, Stanley, and eastern and southern SEA. 
If the low ENSO–SEA rainfall correlations identified dur-
ing the 1830s and 1840s are due to the limited number 
of rainfall observations alone, then moving correlations 
between the ENSO proxy records and single station rainfall 
would be expected to show consistently lower correlations 
than the regional rainfall values. Using rainfall and rainday 
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data from individual stations also provides further verifica-
tion of the time-varying ENSO relationships observed in 
Fig. 3.

The correlations between Sydney rainfall and raindays 
and the ENSO reconstructions in Fig. 4 are similar to the 
correlations obtained using data from the broader eastern 
SEA rainfall region, although the Sydney correlations are 
generally lower. There is good agreement between the 
eastern SEA and Sydney correlations before the 1860s, 
but this is because the majority of the eastern SEA rainfall 
data comes from the Sydney region (Ashcroft et al. 2014a). 
Therefore, it could be that the weak rainfall–ENSO rela-
tionship in eastern SEA before about 1840 may be due to 
lower correlations between ENSO and rainfall in Sydney, 
compared to the wider SEA region. However, the relative 
fluctuations in the teleconnection strength are similar using 
both the eastern SEA and Sydney rainfall series: maximum 

correlations are recorded during 1870–1890, and weaker 
correlations are observed around 1920–1950. This suggests 
that although the magnitude of the ENSO–Sydney rainfall 
relationship is somewhat weaker than that observed for 
the whole eastern SEA region, it displays similar low-fre-
quency variability.

Comparing the correlations between Li13, EG13, south-
ern SEA rainfall, Adelaide and Stanley rainfall also yields 
similar temporal variations between each rainfall series. 
All three moving correlation curves show the same fluc-
tuations in teleconnection strength over time, although the 
rainfall records from Adelaide produce somewhat smaller 
absolute correlations than the southern SEA regional aver-
age, particularly during 1860–1900. It is encouraging to 
see that the ENSO–southern SEA correlations and ENSO–
Stanley rainfall correlations display similar variability 
during the overlapping 1883–1976 period. This suggests 
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Fig. 4   a 21-year moving correlations between the Li13 ENSO recon-
struction and annual (May–April) rainfall for eastern SEA rainfall 
(solid black line) and Sydney (dashed black line), 1832–2005, as 
well as Sydney rainday counts (dashed grey line), 1826–2005. b as 
a, but for southern SEA, 1835–2005 (solid black line), Adelaide rain-
fall, 1839–2005 (black dashed line) and Stanley, western Tasmania, 
1883–1976 (dashed grey line). c and d as a and b but for EG13. Cor-
relations values are plotted against the central year of each 21-year 

period. Correlations that are above or below the black dotted lines 
(Li13 and EG13 correlations with eastern and southern NPA), thin 
black dashed lines (Li13 and EG13 correlations with Sydney and 
Adelaide rainfall), thin grey dashed lines (Li13 and EG13 correla-
tions with Sydney and Adelaide raindays) and grey dotted lines (Li13 
and EG13 correlations with Stanley rainfall) are statistically signifi-
cant (significance levels determined using block bootstrapping)
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that the weak ENSO–southern SEA rainfall correlations 
during 1835–1840 when rainfall observations were only 
available from northwestern Tasmania may indeed repre-
sent a more region-wide decrease in ENSO teleconnection 
strength, although further analysis is required to confirm 
this inference.

The results for eastern and southern SEA indicate that 
the limited spatial distribution of historical rainfall data 
and the quality of the rainday observations may have 
caused some of the decrease in ENSO–SEA rainfall cor-
relations during 1830–1850. These limitations are an una-
voidable component of any historical climatology study 
(Brázdil et  al. 2010), particularly in the Southern Hemi-
sphere where there are fewer data sources for comparison. 
However, taking these limitations into account, there still 
appears to have been some variation in ENSO teleconnec-
tion strength in the early part of the nineteenth century in 
areas of SEA.

5.2 � Multidecadal ENSO variability

If poor data coverage and reliability cannot completely 
explain the fluctuations in correlations between ENSO and 
eastern and southern SEA rainfall, then perhaps they are 
due to low-frequency variations in ENSO itself. There is 
palaeoclimatic evidence that the Interdecadal Pacific Oscil-
lation (IPO)—effectively a measure of the low-frequency 
variability of ENSO (Power et  al. 2006)—was in a posi-
tive phase from the 1820s to the 1850s (Verdon and Franks 
2006), while both instrumental and palaeoclimate data 
show predominately positive conditions during the low tel-
econnection period of 1910–1940 (Power et al. 1999).

El Niño events are more prevalent during positive IPO 
phases (Power et  al. 2006), and positive IPO conditions 
have also been associated with a decrease in ENSO vari-
ance (Arblaster et al. 2002), which can reduce the remote 
impact of ENSO events outside the tropical region (Tor-
rence and Webster 1999; Allan 2000; Li et al. 2013). GF09 
and Li13 do in fact report more El Niño events than La 
Niñas during the 1830s and 1840s, as well as a reduction 
in ENSO variance and the occurrence of extreme ENSO 
events. Conversely, EG13 suggests a similar number of El 
Niño and La Niña events occurred during this time.

Correlations between Li13, EG13 and eastern and south-
ern SEA rainfall during positive and negative phases of the 
IPO determined by Linsley et  al. (2008) and McGregor 
et  al. (2010) are shown in Table 5. To capture the major-
ity of IPO phases, positive IPO conditions were defined 
as years with a value above the 75th percentiles from each 
reconstruction, while negative IPO phases were classed as 
years with reconstruction values below the 25th percentiles. 
The results remained essentially unchanged if a more or 
less stringent threshold was used. The comparison reveals 
higher correlations between ENSO and SEA rainfall during 
negative IPO phases, particularly when using the Linsley 
et  al. (2008) reconstruction. Directly comparing the IPO 
phases with moving correlations in Fig. 3 also suggests that 
the periods of low ENSO teleconnection strength are asso-
ciated with positive IPO phases.

A tendency towards more El Niño events than La Niña 
events during the 1830s and 1840s may explain the low 
correlations between SEA rainfall and ENSO described 
here. As discussed by Power et al. (2006), La Niña events 
are more linearly associated with positive rainfall anoma-
lies across Australia than El Niño events are associated 
with negative rainfall anomalies. This asymmetric relation-
ship is expressed as weak correlations during El Niño dom-
inant periods (positive IPO phases), and high correlations 
during La Niña dominant periods (negative IPO phases).

The coincident reduction in ENSO variance, due to 
internal or external forcings that are beyond the scope of 
the current study (Mann et al. 2000), also means that there 
were no extreme ENSO events to exert a significant influ-
ence on eastern and southern SEA climate variability. 
Mann et  al. (2000) has previously associated the unusual 
global teleconnections in the early nineteenth century with 
a breakdown in interannual ENSO variability, while Li 
et  al. (2013) identified low ENSO teleconnections across 
the Pacific region during times of low ENSO variance over 
the past 700 years.

5.3 � Indian Ocean temperature variability

While positive IPO conditions may be associated with 
the weakening of the ENSO influence on SEA during the 

Table 5   Correlations between ENSO and eastern and southern SEA 
rainfall variations during positive and negative phases of the IPO

ENSO variations are determined using the Li et al. (2013, Li13) and 
Emile-Geay et  al. (2013, EG13) reconstructions, while the IPO is 
defined by the IPO reconstructions of Linsley et al. (2008, Linsley08) 
and McGregor et  al. (2010, McGregor10). Positive IPO phases are 
classified as years with values above the 75th percentile, while nega-
tive IPO phases are classed as years with reconstruction values below 
the 25th percentile. The number of years within each category is 
given in brackets. Statistically significant correlations (p value <0.05, 
significant using the Student’s two-tailed t test) are marked in bold

Linsley08 McGregor10

IPO+ IPO− IPO+ IPO−

Li13

 Eastern SEA −0.11 (43) −0.55 (38) −0.14 (42) −0.58 (38)

 Southern SEA 0.03 (41) −0.58 (38) −0.32 (40) −0.48 (36)

EG13

 Eastern SEA −0.42 (43) −0.52 (32) −0.39 (42) −0.62 (38)

 Southern SEA −0.19 (41) −0.53 (32) −0.35 (40) −0.49 (36)
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1830s and 1840s, low-frequency Pacific Ocean conditions 
do not explain the difference between eastern and southern 
SEA rainfall apparent during the 1830s and 1840s (Fig. 2). 
As mentioned in Sect.  3, prolonged wet and dry periods 
across the two SEA regions were largely out of phase dur-
ing this time, and El Niño events during this period were in 
fact associated with wet conditions in southern SEA rather 
than the expected dry conditions.

Moving correlations between annual eastern and south-
ern SEA rainfall, as well as rainfall and rainday totals 
available from 1839 to 2012 for Sydney and Adelaide are 
plotted in Fig.  5 to examine the long-term variability of 
inter-regional rainfall relationships. The 21-year moving 
correlations display negative values between eastern and 
southern SEA rainfall centred around 1850 (incorporating 
data from 1836 until around 1855). Strong negative corre-
lations between Sydney and Adelaide rainfall data are also 
found for this period, the only time during 1839–2012. 
The Sydney and Adelaide rainday data correlations addi-
tionally display negative correlations during this time, 
although stronger negative values are observed during 
1940–1960.

The negative correlation between eastern and south-
ern SEA rainfall in the 1830s and 1840s is the most sig-
nificant during the full 1832–2012 period, and is supported 
by analysis of the individual Sydney and Adelaide rain-
fall and rainday correlations. While data quality may also 
be playing a role here, this disagreement between the two 

subregions suggests that another large-scale circulation fea-
ture dominated during this time. One possibility could be 
tropical Indian Ocean SSTs variations that are independent 
of ENSO. Although debate continues about the existence 
or non-existence of a dipole mode in the tropical Indian 
Ocean (e.g. Allan et al. 2001; Dommenget 2011; Zhao and 
Nigam 2015), many studies have found that SST variations 
in the eastern Indian Ocean at least have an impact on SEA 
rainfall that is independent of ENSO (e.g. Meyers et  al. 
2007; Ummenhofer et al. 2011; Pepler et al. 2014). Tropi-
cal Indian Ocean SSTs (generally represented by the Indian 
Ocean Dipole, IOD) are also known to affect eastern and 
southern SEA rainfall and MSLP differently (Risbey et al. 
2009; Ashcroft et al. 2014b; Pepler et al. 2014).

Gergis et  al.’s (2012) reconstruction of SEA rainfall 
identified the 1820–1840 period as a time of very wet 
conditions in SEA, in agreement with the 1836–1839 
instrumental and documentary data from southern and 
inland SEA (Fig.  2; Fenby and Gergis 2013). The Ger-
gis et  al. (2012) reconstruction was developed using 12 
remote proxy records that are sensitive to Indian, South-
ern and Pacific Ocean variability. ENSO reconstructions 
indicate that neutral or El Niño conditions dominated 
during the 1830s (e.g. Gergis and Fowler 2009; Li et  al. 
2013), which are generally not conducive to positive rain-
fall anomalies across southern SEA (Risbey et al. 2009). 
Therefore it could be that warm eastern Indian Ocean 
SSTs, or negative IOD conditions, led to the wet years 
being identified in the palaeoclimate and southern SEA 
instrumental rainfall record. Indeed negative IOD events 
in the absence of a strong ENSO phase are linked to wet 
southern SEA conditions and a dry east Australian coast 
(Meyers et al. 2007).

A reconstruction of SSTs in the eastern Indian Ocean 
(D’Arrigo et  al. 2006) suggests that the 1830s and 1840s 
was dominated by warm SSTs, indicative of negative IOD 
conditions which are conducive to above-average rainfall in 
southern SEA. However, the 1836–1838 period stands out 
as a time of cold SSTs across the entire Indian Ocean, in 
response to a volcanic eruption in 1835 (Cole et al. 2000; 
D’Arrigo et  al. 2006). This disagreement makes it diffi-
cult to determine the most likely IOD phase, or dominant 
Indian Ocean SST pattern that occurred between 1835 and 
1850. Furthermore the early 1840s saw wet conditions 
dominating the east coast and dry years across southern 
SEA (Fig. 2), which is inconsistent with the rainfall signal 
of any IOD phase. However, without additional informa-
tion on historical Indian Ocean or IOD variability it is hard 
to determine this dynamical change with any certainty. Fur-
ther research is required to examine the impact of Indian 
Ocean SSTs on southern and eastern SEA rainfall during 
the nineteenth century.
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Fig. 5   21-year moving correlations between eastern and southern 
SEA rainfall, 1835–2012 (solid line), Sydney and Adelaide rain-
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5.4 � Southern Annular Mode

Another large-scale circulation feature that can cause an 
out-of-phase spatial relationship between southern and 
eastern SEA rainfall is variations in the strength and loca-
tion of the midlatitude westerly winds, generally repre-
sented by the Southern Annular Mode (SAM). Reconstruc-
tions of SAM variability (Villalba et al. 2012; Abram et al. 
2014) suggest that most of the 1788–1830 period was dom-
inated by strong negative SAM conditions. In SEA, nega-
tive SAM conditions usually result in increased rainfall 
over southern SEA in conjunction with enhanced westerlies 
over the region, and decreased rainfall over the east coast 
due to reduced onshore precipitation (Hendon et al. 2007).

According to Abram et al. (2014)’s SAM reconstruction, 
1839–1841 was a short period of relatively positive SAM 
conditions, favouring increased rainfall across eastern SEA 
and dry conditions in the south, with negative conditions 
present for much of 1832–1838 and 1842–1845. These 
SAM variations largely agree with the observed 1835–1850 
SEA rainfall variability: wet conditions over southern SEA 
during negative SAM phases from 1836 to 1840, and wet 
conditions over eastern SEA when SAM was positive in 
the early 1840s. Villalba et al. (2012)’s reconstruction also 
indicates negative SAM conditions from 1830 to 1839 and 
during the 1840s, with relatively positive conditions only 
apparent in 1840–1841.

The prevalence of negative SAM conditions in the 1830s 
is similar to the extended negative SAM phase seen dur-
ing the 1920s–1950s in both the Villalba et al. (2012) and 
Abram et  al. (2014) reconstructions. An additional SAM 
reconstruction from Goodwin et  al. (2004) also identified 
the 1900–1950 period as a time of predominantly negative 
SAM conditions. Figure 6 displays the 21-year moving cor-
relations between eastern and southern SEA and ENSO 
again along with the 21-year moving average of the Abram 
et  al. (2014) and Villalba et  al. (2012) SAM reconstruc-
tions. Although the periods of low ENSO–SEA rainfall 
correlations and negative SAM conditions do not overlap 
exactly, there does seem to be co-occurrence of negative 
SAM conditions during times of weak ENSO teleconnec-
tion. This indicates that there may be some relationship 
between the SAM, or at least variations in the mid-latitude 
meridional MSLP gradient, and SEA rainfall–ENSO tel-
econnection variability.

Negative SAM conditions can be associated with a 
decrease in La Niña teleconnections across the southern 
Pacific region during austral summer, because the two cli-
mate modes have opposing pressure and tropospheric wind 
signals in the mid-southern latitudes (Karoly 1989; Fogt 
et  al. 2010). Similarly, Fogt and Bromwich (2006) sug-
gest that ENSO teleconnections in the western Antarctic 
region are weakened when ENSO is weakly or negatively 

correlated with SAM conditions during austral spring. 
Although SEA is in a different region, negative SAM con-
ditions coupled with positive IPO conditions may have 
resulted in a reduction of La Niña conditions and a sup-
pression of the influence of any La Niña event that did 
occur. The lack of wet years during La Niña events in the 
early 1800s, identified in the documentary record by Fenby 
and Gergis (2013) and Gergis and Ashcroft (2013) appears 
to support this result.

However, other SAM reconstructions identified pre-
dominately positive SAM conditions during the 1920–1959 
period. The extended instrumental SAM index of Visbeck 
(2009) and the tree-ring based reconstruction of Jones 
and Widmann (2004) both show prolonged positive SAM 
phases during the first half of the twentieth century. Rakich 
et  al. (2008) additionally identified the 1940–1960 period 
as a time of enhanced easterly flow over eastern Australia, 
which is usually associated with positive SAM conditions. 
The Abram et  al. (2014) and Villalba et  al. (2012) recon-
structions also display different variations during the early 
1830s, and are only moderately correlated (r = 0.32 over 
1788–2006). Finally, the weak Li13–eastern SEA rainfall 
correlations in the recent period (shown in Fig. 3b) occur 
against a backdrop of a well known trend towards positive 
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SAM conditions (Arblaster and Meehl 2006). These disa-
greements between the SAM phases during both periods 
of low ENSO teleconnections must be considered when 
drawing conclusions about the nineteenth century ENSO 
teleconnection breakdown. More work into historical 
and palaeoclimate SAM variability as well the dynamics 
of SAM–ENSO interactions is needed to build on these 
findings.

6 � Conclusions

The newly extended climate datasets for SEA analysed 
here have provided an opportunity for the first instrumental 
examination of the stationarity of regional teleconnections 
with Southern Hemisphere circulation modes for the first 
225  years of European settlement  in Australia. Compar-
ing historical rainfall data to a range of palaeoclimate indi-
ces reveals that the correlations between SEA rainfall and 
ENSO have varied greatly since 1788. Weakened ENSO–
SEA rainfall teleconnections have been identified during 
1835–1850 across southern SEA in particular, support-
ing palaeoclimate analysis on SEA rainfall variability and 
in agreement with previous studies identifying a decrease 
in ENSO teleconnections during the first half of the nine-
teenth century.

There are however some important caveats that must be 
considered with these findings, particularly related to data 
distribution and quality. The geographical biases of early 
settlement in SEA mean that historical instrumental cli-
mate data are confined to the coastal regions until the mid-
1850s, away from the inland area where rainfall is more 
significantly correlated with ENSO. Therefore the results 
obtained here cannot be extended to the wider SEA region, 
particularly into the interior for which historical instru-
mental observations are yet to be located. A lack of meta-
data for the historical records also creates some unavoid-
able uncertainty about the reliability of the data. Despite 
these shortcomings, the historical SEA rainfall data pro-
vide new insight into ENSO teleconnection stationarity 
during a time that is largely unexplored in Australian cli-
mate analysis.

Examining teleconnection variability separately over 
eastern and southern SEA using several datasets reveals 
that the majority of the variations in teleconnection strength 
in the early to mid-nineteenth century occurred in south-
ern SEA rather than eastern SEA. The 1835–1850 period 
of low ENSO–southern SEA rainfall correlations is coin-
cident with a combination of reduced La Niña events and 
ENSO variance associated with positive IPO phases, with 
the possible presence of a predominately negative phase of 
the SAM. These conditions may have caused the decrease 
in the correlation between SEA rainfall and ENSO, as well 

as the anti-correlation between eastern and southern SEA 
rainfall identified during 1835–1850.

Further research is now required to identify the signifi-
cance and spatial extent of the ENSO teleconnection vari-
ability over SEA during the 1800s, as well as the mecha-
nisms behind the identified decreases in ENSO–SEA 
rainfall correlations. Seasonal analysis may shed more 
light on the interaction between ENSO, SAM and the IOD, 
given that each circulation feature influences each other, 
and SEA, at different times of the year. The use of his-
torical reanalysis products such as future iterations of the 
twentieth century Reanalysis dataset (Compo et  al. 2011) 
may assist with this and offer useful insights into atmos-
pheric behaviour during this climatologically intriguing 
period. Improvements to the Southern Hemisphere pal-
aeoclimate network and additional historical instrumental 
data would also provide valuable information to explain 
the teleconnection changes reported here. Finally, the role 
of global temperature changes due to volcanic eruptions or 
additional external drivers on the behaviour of ENSO and 
SAM during the mid-1800s warrants further investigation, 
particularly in light of the uncertainty around the influence 
of anthropogenic warming on future large-scale circulation 
behaviour.
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