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Abstract
Declining winter rainfall coupled with recent prolonged drought poses significant risks to water resources and agriculture 
across southern Australia. While rainfall declines over recent decades are largely consistent with modelled climate change 
scenarios, particularly for southwest Australia, the significance of these declines is yet to be assessed within the context of 
long-term hydroclimatic variability. Here, we present a new 668-year (1350–2017 CE) tree-ring reconstruction of autumn–
winter rainfall over inland southwest Australia. This record reveals that a recent decline in rainfall over inland southwest 
Australia (since 2000 CE) is not unusual in terms of either magnitude or duration relative to rainfall variability over the last 
seven centuries. Drought periods of greater magnitude and duration than those in the instrumental record occurred prior to 
1900 CE, including two ‘megadroughts’ of > 30 years duration in the eighteenth and nineteenth centuries. By contrast, the 
wettest > decadal periods of the last seven centuries occurred after 1900 CE, making the twentieth century the wettest of 
the last seven centuries. We conclude that the instrumental rainfall record (since ~ 1900 CE) does not capture the full scale 
of natural hydroclimatic variability for inland southwest Australia and that the risk of prolonged droughts in the region is 
likely much higher than currently estimated.
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1 Introduction

Prolonged droughts, rainfall declines and catastrophic 
floods have affected most of Australia’s major population 
centres and agricultural regions in recent decades, high-
lighting Australia’s vulnerability to extreme hydroclimatic 
variability (Head et al. 2014). Many of these events have 
been relatively well studied in terms of their impacts and 
potential drivers (e.g., Cai et al. 2011, 2014; van den Honert 
and McAneney 2011; Van Dijk et al. 2013; Ummenhofer 
et al. 2015). However, there is considerable uncertainty 
around how such events fit within the range of natural vari-
ability and how likely they are to occur, making it difficult 
to robustly attribute recent events to natural variability or 

anthropogenic climate forcing (Cook et al. 2016; Kiem et al. 
2020). Accordingly, there is an increasingly urgent need to 
understand the full range of natural climatic variability, par-
ticularly on decadal and longer timescales.

As is the case for much of the Southern Hemisphere, 
our ability to understand long-term climate dynam-
ics in Australia is constrained by the short length (typi-
cally < 120 years) of instrumental climate records and the 
sparse spatial coverage of palaeoclimate records, particularly 
for mainland Australia. There are only a few high-resolution 
(annual), multi-century reconstructions of hydroclimate 
variability that are based on local proxy records from main-
land Australia. These include four reconstructions based on 
tree-ring records (Heinrich et al. 2008; Cullen and Grierson 
2009; O’Donnell et al. 2015; Allen et al. 2020) and a recon-
struction based on a coral record from the Great Barrier Reef 
(Lough 2007, 2011). Proxy records that are remote from the 
Australian mainland have been used to reconstruct hydro-
climate variability in eastern Australia, including tree-ring 
records from Indonesia, New Zealand and Tasmania (Palmer 
et al. 2015; Cook et al. 2016) as well as ice core records from 
Antarctica (e.g., Vance et al. 2013, 2015; Tozer et al. 2016; 
Kiem et al. 2020). However, the majority of remote records 
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(with the exception of the Antarctic snowfall record of van 
Ommen and Morgan 2010) have provided little insight into 
hydroclimatic variability in western Australia (O’Donnell 
et al. 2018). This is likely in part because the dominance and 
impacts of remote drivers of rainfall differ between eastern 
and western Australia. Over eastern Australia, Pacific Ocean 

circulation features including the El Niño Southern Oscil-
lation (ENSO) and Interdecadal Pacific Oscillation (IPO) 
are the dominant drivers of rainfall, but these same driv-
ers have a weaker and more variable influence on rainfall 
across western Australia (Risbey et al. 2009; Frederiksen 
et al. 2014). Instead, ocean–atmosphere circulation features 
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over the Indian (i.e., the Indian Ocean Dipole, IOD) and 
Southern Oceans (i.e., the Southern Annular Mode), which 
influence rainfall in both eastern and western Australia, are 
more dominant as drivers of rainfall across much of western 
Australia than Pacific Ocean circulation features (Meneghini 
et al. 2007; Risbey et al. 2009).

Southwest Australia has experienced a multi-decadal 
decline in autumn–winter rainfall relative to the first half of 
the twentieth century (Indian Ocean Climate Initiative 2002; 
Cai and Cowan 2006; Hope et al. 2006; Timbal et al. 2006; 
Delworth and Zeng 2014). The observed rainfall decline has 
been most notable over the coastal southwest of Western 
Australia (SWWA), with a ~ 20% decline in autumn–win-
ter rainfall since the 1970s (Indian Ocean Climate Initiative 
2002). Since 2000 CE, the decline in rainfall across SWWA 
has continued and also extended further inland to encom-
pass the main agricultural region of Western Australia (Hope 
and Ganter 2010; Pook et al. 2012), significantly impact-
ing water supplies for both urban centres and agricultural 
regions (Bates et al. 2008; Petrone et al. 2010) as well as the 
profitability of agriculture (Hochman et al. 2017; Fletcher 
et al. 2020). However, the significance of this decline in the 
context of natural variability remains poorly understood.

The decline in autumn–winter rainfall over SWWA since 
the 1970s appears unusual in the context of instrumental 
records (since ~ 1900 CE) and several studies indicate that 
anthropogenic climate change (Cai and Cowan 2006; Hope 
2006; Timbal et al. 2006; Nicholls 2010; Cai et al. 2011; Raut 

et al. 2014) and possibly land clearing (Pitman et al. 2004; 
Timbal and Arblaster 2006; Nair et al. 2011; Andrich and 
Imberger 2013) have contributed to the decline. Importantly, 
southwest Australia is one of the few places in the world where 
the majority of climate models agree (> 90% in both CMIP5 
and CMIP6) that further declines in autumn–winter rainfall 
are likely in the next century with increasing anthropogenic 
greenhouse gas concentrations (Hope et al. 2015; Grose et al. 
2020). Nevertheless, model simulations also indicate that such 
a decline could occur as part of natural variability on multi-
decadal timescales (Cai et al. 2005). While the post-2000 CE 
rainfall decline over inland southwest Australia is poorly stud-
ied compared to the post-1970s decline over SWWA, a tree-
ring record from the inland south of Western Australia shows 
that multi-decadal variability of autumn–winter rainfall has 
been a feature of the hydroclimate for at least 350 years (Cullen 
and Grierson 2009; O’Donnell et al. 2018). Additional multi-
century records that are local to where rainfall declines have 
been observed are needed to better resolve the range of natural 
hydroclimatic variability across inland southwest Australia. A 
better understanding of the range of hydroclimatic variability 
is critical to more accurate assessment of the likelihood and 
associated risks of multi-decadal rainfall declines, prolonged 
‘megadroughts’ or other extreme hydroclimatic events.

Here, we present a new annually-resolved 668-year recon-
struction of autumn–winter rainfall variability for inland 
southwest Australia based on a local ring-width chronol-
ogy of Callitris columellaris F. Muell. trees. This record 
is unique as the longest reconstruction of hydroclimate for 
Australia based on an Australian tree-ring record. The focus 
of our study is on describing the hydroclimate history of 
inland southwest Australia over the last seven centuries. 
Specifically, we aim to identify past drought and pluvial 
periods, including prolonged ‘mega’-doughts and pluvials 
(> 30 years) and to interpret the significance of the recent 
rainfall decline in the context of climate variability of the last 
seven centuries. We also seek to identify whether there are 
coincidences of major climatic events between inland south-
west Australia and other proxy records in nearby regions 
that may indicate teleconnections through the influence of 
broad-scale climate drivers. This new extended record of 
annually-resolved hydroclimate information is fundamental 
to improving understanding of the timescales of hydrocli-
mate variability in southwest Australia and to assessing the 
influence of remote climate drivers in the Southern Hemi-
sphere over the last seven centuries.

2  Site description

Our study site, referred to as Lake Deborah East (LDE), is 
located in inland southwest Australia at the eastern mar-
gin of the Wheatbelt region of Western Australia (30.7°S, 

Fig. 1  Location and climate of the Lake Deborah tree-ring site in 
the semi-arid Mediterranean region of southwest Australia. a The 
location of the Lake Deborah (LDE) site in relation to mean annual 
rainfall (coloured shading) across southwest Australia and the major 
crop growing region of Western Australia, the Wheatbelt (hatch-
ing). The diagonal black line (~ 30° S,115° E to 35° S,120° E) repre-
sents the approximate boundary between coastal southwest Western 
Australia (SWWA) and inland southwest Australia (to the northeast 
of the line; the focus of this study). Monthly b rainfall  (mm) and c 
temperature  (°C) for inland southwest Australia (CRU TS4.03 data, 
1901–2017 CE, area-averaged over 29–32° S, 117–120° E, see 
Fig. 2b). d Photo showing the position of the tree-ring site adjacent 
to Lake Deborah East, a large saline ephemeral lake. e Photo showing 
an individual Callitris columellaris tree on white-yellow sand dune. 
Boxplots in b show the median (50th percentile) as the centre hori-
zontal line, the interquartile range (25th to 75th percentile) as the bot-
tom and top horizontal line, the range (0.3–99.7th percentile) as verti-
cal lines, and extreme values (< 0.7 or > 99.3 percentile) of rainfall as 
dots. Mean monthly rainfall is indicated by diamond symbols. Lines 
in c indicate the mean monthly maximum (dotted), mean (solid) and 
minimum (dotted) temperatures. Rainfall data in a are the 1961–1990 
mean annual (January to December) rainfall, available from the Aus-
tralian Bureau of Meteorology (Source: http:// www. bom. gov. au/ 
jsp/ ncc/ clima te_ avera ges/ rainf all/ index. jsp). Lake data: Crossman 
and Li (2015) Surface Hydrology Polygons (Regional). Geoscience 
Australia, Canberra (http:// pid. geosc ience. gov. au/ datas et/ ga/ 83134). 
Wheatbelt boundary data: Vegetation—Post-European Settlement 
(1988). Geoscience Australia, Canberra. http:// pid. geosc ience. gov. au/ 
datas et/ ga/ 42357

◂

http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp
http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp
http://pid.geoscience.gov.au/dataset/ga/83134
http://pid.geoscience.gov.au/dataset/ga/42357
http://pid.geoscience.gov.au/dataset/ga/42357
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119.3°E, Fig. 1a). The climate of the region is considered 
semi-arid with an average annual rainfall of ~ 300 mm. The 
LDE site lies towards the northern limit of the “winter domi-
nant” rainfall (Mediterranean) zone of southwest Australia. 
On average, most (~ 66%) rain in the central Wheatbelt 
falls during the cooler winter months (Apr-Sep), but this is 
highly variable from year to year (Fig. 1b, c). Autumn–win-
ter rainfall can contribute as much as 87% or as little as 
40% of annual rainfall from year to year. On average, half 
of autumn–winter rainfall in the region is delivered by fron-
tal synoptic systems and approximately one third is deliv-
ered by cut-off low pressure systems, with the remainder 
coming from warm troughs (Pook et al. 2012). Extremes 
of autumn–winter rainfall can be associated with extremes 
of either cut off or frontal rainfall or a combination of both 
(Pook et al. 2012). Rainfall in the warmer summer months 
is typically low, but high-intensity episodic rainfall events, 
often associated with decaying tropical cyclones and other 
closed lows that track from the northwest coast of Western 
Australia, occur irregularly and can contribute significantly 
to total annual rainfall in the region (Lavender and Abbs 
2013).

There are several known drivers of rainfall over inland 
southwest Australian, including (but not limited to) the 
Southern Annular Mode (SAM), the Indian Ocean Dipole 
(IOD) and the El Niño Southern Oscillation (ENSO), which 
often interact with each other to enhance or reduce the 
effects of each other on rainfall (see Risbey et al. 2009 for a 
detailed description). In particular, IOD events (positive or 
negative) on their own or El Niño or La Niña events on their 
own have a weak and variable influence on rainfall in inland 
southwest Australia (Risbey et al. 2009). However, when 
negative IOD events coincide with the La Niña phase of 
ENSO, their combined influence can lead to strong positive 
winter rainfall anomalies across southwest Australia (Risbey 
et al. 2009; their Fig. 7). The SAM is the leading driver of 
rainfall patterns in inland southwest Australia in the summer 
(Risbey et al. 2009; their Fig. 15). Positive SAM events in 
the summer months are related to wetter conditions in inland 
southwest Australia (Raut et al. 2014; note this is opposite to 
the typical influence of a positive SAM in autumn–winter in 
coastal southwest Western Australia, which is linked to drier 
conditions; Hendon et al. 2007).

Our tree-ring site is located adjacent to the shore of Lake 
Deborah East, one of two large, ephemeral saline lakes 
(the other being Lake Deborah West) that lie in the upper 
reaches of the Yilgarn River palaeochannel network (George 
et al. 2008). Our target species, the native conifer Callitris 
columellaris F.Muell. (Cupressaceae), occurs mainly on 
low (< 10 m tall) yellow-orange sand dunes that fringe the 
lake. C. columellaris occur as scattered overstorey trees 
along with Salt Gum (Eucalyptus salicola Brooker) among 
a sparse shrubland of predominantly Fabaceae (mainly 

Acacia) as well as Myrtaceae species (Fig. 1d, e). Several 
Callitris spp. are potentially very long-lived, but are also 
fire-sensitive and can only reach great ages if protected from 
fire (O’Donnell et al. 2010). Dry lightning storms are com-
mon in the region (Bates et al. 2015) and wildfires occur 
relatively frequently in the sandplain shrublands that sur-
round the lake (O’Donnell et al. 2011). However, the LDE 
tree-ring site is located between two large salt lakes and sur-
rounded by a series of smaller lakes that act as physical bar-
riers to fire spread (O’Donnell et al. 2011). In addition, the 
vegetation and fuel loads at the site are sparse and unlikely 
to sustain the spread of fire when ignitions do occur. Conse-
quently, some C. columellaris trees at LDE have been able 
to reach ages exceeding 500 years and the stems of some 
standing dead and fallen trees have remained relatively intact 
for at least several centuries after their death.

3  Methods

3.1  Sample collection and chronology development

We collected increment cores (5.15 mm diameter) from liv-
ing trees and stem sections from dead trees (standing and 
fallen). Samples were prepared and crossdated using stand-
ard dendrochronological techniques (Stokes and Smiley 
1968). Crossdating was quality checked using the COFE-
CHA program (Holmes 1983; Grissino-Mayer 2001). Total 
ring widths were measured to the nearest 0.001 mm on a 
Velmex measuring stage.

Callitris columellaris trees have shallow roots and their 
growth is highly responsive to rainfall and soil water availa-
bility (e.g., Clayton-Greene 1981; Cullen and Grierson 2009; 
Brodribb et al. 2013; O’Donnell et al. 2015). C. columellaris 
are also highly drought resistant; their growth is constrained 
only when soil moisture content becomes extremely low 
(transpiration ceases when soil moisture approaches air dry-
ness; < 4%) and they can persist in a state of arrested growth 
for prolonged periods of drought (Clayton-Greene 1981). 
Intra-annual boundaries and missing rings are relatively 
common in C. columellaris, particularly in arid and semi-
arid climates where rainfall is highly variable within and 
among years. We encountered both intra-annual and miss-
ing rings in several of the samples from the LDE site, but 
these were generally identified during visual inspection and 
crossdating. The percentage of missing rings varied among 
samples from < 1% in most samples to ~ 11% in others. The 
percentage of intra-annual boundaries varied from ~ 3% 
to 20% among samples. It is possible that extremely dry 
years (drier than any observed in the instrumental period 
i.e., < 100 mm Feb–Oct rainfall) could cause missing rings 
in the majority of the tree population; however, crossdating 
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has been used as carefully and thoroughly as possible to 
minimize the likelihood of this source of chronology error.

We used a signal free method (Melvin and Briffa 2008) 
and a time-varying response (age-dependent) spline (Melvin 
et al. 2007) to detrend each of the ring-width series using 
the RCSigFree program (http:// www. ldeo. colum bia. edu/ 
tree- ring- labor atory/ resou rces/ softw are). We applied adap-
tive power transformations to the raw ring-width measure-
ments prior to detrending to make them more homoscedastic 
(Cook and Peters 1997) and calculated ring-width indices as 
residuals. The final ring-width chronology included 57 series 
from 49 trees and showed a strong common growth signal 
(inter-series correlation = 0.80) and high inter-annual vari-
ability in ring width (average mean sensitivity = 0.69). The 
final chronology was 668 years long, covering the period 
between 1350 and 2017 CE (Fig. S1a).

We assessed the quality of our chronology using two 
parameters; the average correlation between series (RBAR) 
and expressed population signal (EPS) (Wigley et al. 1984; 
Cook and Kairiukstis 1990). RBAR provides an indication 
of chronology signal strength (common variance) and is 
independent of sample size. The EPS provides an indication 
of the likely loss of reconstruction accuracy as a function 
of RBAR and sample size, measuring how well the finite-
sample chronology compares with the theoretical popula-
tion chronology based on an infinite number of trees. While 
there is no formal level of significance for EPS, the value 
of 0.85 is generally accepted as a reasonable lower limit for 
the chronology to remain reliable. Running RBAR and EPS 
statistics were calculated for 51-year windows of the chro-
nology with 25-year overlaps to assess the stability of signal 
strength as chronology replication diminished back in time. 
Both the RBAR and EPS statistics were high over the full 
length of the chronology (Fig. S1b), indicating that there is 
a strong and reliable common signal over the full 668-year 
(1350–2017 CE) chronology.

3.2  Rainfall data and tree growth‑rainfall 
relationships

We obtained the Climate Research Unit’s (CRU) 0.5° gridded 
precipitation data (TS4.03) from KNMI Climate Explorer 
(Trouet and van Oldenborgh 2013; http:// clime xp. knmi. 
nl/). We then used a combination of the monthly_response() 
function in the dendroTools package (Jevšenak and Levanič 
2018) in R 3.6.1 (R Core Team 2019) and Climate Explorer 
to explore both temporal and spatial relationships between 
the ring-width chronology and rainfall in inland southwest 
Australia. We calculated Pearson correlation coefficients 
between the ring-width chronology and rainfall for each 
month and each period of consecutive months (between 2 
and 12 months) of the current year and the previous year 
(24 months total) using the monthly_response() function. 

Total rainfall over the 9-month period between February 
and October (Feb-Oct; Austral autumn–winter) showed the 
strongest correlation with tree growth (r = 0.74; Fig. 2a). We 
used Climate Explorer to examine the spatial correlation 
between the ring-width chronology and Feb-Oct rainfall 
(CRU TS4.03) across Australia. Correlations between the 
ring-width chronology and Feb-Oct rainfall were strong and 
spatially coherent across a broad area of southwest Australia 
(Fig. 2b). We chose an area of 3 × 3° around the LDE site 
(117°–120°E, 29°–32°S) where rainfall showed the strongest 
correlation with the ring-width chronology and then aver-
aged the CRU TS4.03 gridded precipitation data for this area 
to obtain a dataset of regional rainfall as our target variable 
for reconstruction.

We confirmed that the 3 × 3° regionally-averaged CRU 
rainfall dataset was representative of measured rainfall in 
the study region by testing monthly Pearson correlations 
between the CRU dataset and rainfall from the instrumental 
weather station nearest to the LDE site (Bullfinch Station; 
data available for the period 1911–2017 CE from the Aus-
tralian Bureau of Meteorology). The CRU and Bullfinch 
rainfall datasets are strongly correlated in all months, par-
ticularly in the Austral autumn and winter months (February 
to September; r > 0.82; p < 0.0001). Correlations between 
the CRU and Bullfinch datasets are still strong but slightly 
weaker in some of the Austral spring and summer months 
(October to January; 0.68 < r < 0.8), which likely reflects that 
rainfall in inland southwest Australia is more episodic and 
spatially variable in these months and that we have averaged 
the CRU dataset over a relatively large (3° × 3°) area. The 
CRU and Bullfinch datasets for the target season of Feb-Oct 
are highly correlated (r = 0.86; p < 0.0001).

3.3  Reconstruction model

We used a linear regression model to reconstruct Feb-Oct 
total rainfall as a function of the detrended ring-width chro-
nology. We tested the skill of the model using the PCReg 
software (http:// www. ldeo. colum bia. edu/ tree- ring- labor 
atory/ resou rces/ softw are) using split period calibration-ver-
ification tests that are commonly used in dendroclimatology 
(Fritts 1976; Cook and Kairiukstis 1990). The observed rain-
fall data and ring-width chronology overlapped for 117 years 
(1901–2017 CE). We split the data into two even periods 
i.e., early: 1901–1959 CE and late: 1960–2017 CE and ran 
two models: one using the late period as the calibration 
period and the early period as the verification period and 
the other using the early period as the calibration period 
and the late period as the verification period. We used two 
rigorous tests of fit, the reduction of error (R.E.; Fritts 1976) 
and the coefficient of efficiency (C.E.; Cook et al. 1999) to 
evaluate the skill of the models. Both models using either 
the early or late period for calibration pass both of these 

http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://climexp.knmi.nl/
http://climexp.knmi.nl/
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
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tests (R.E.ver and C.E.ver are positive; Table 1) indicating 
that the model is skilful in reconstructing observed variation 
in rainfall. The linear relationship between ring width and 
rainfall was also stationary across the early and late calibra-
tion periods (Fig. 3a; see Wilmking et al. 2020). We then 
used the full period (1901–2017 CE) of observed data to 
develop the final linear model to reconstruct Feb-Oct total 
rainfall back to 1350 CE. We confirmed that there was no 

significant first-order autocorrelation in the residuals of the 
final reconstruction model using the Durbin–Watson sta-
tistic. We then rescaled the variance of the reconstructed 
rainfall data to match the variance of the observed rainfall 
data, which allows us to make comparisons between the 
magnitude of events in the past and those in the observed 
record. The final reconstruction explains 55% of the vari-
ance of observed autumn–winter rainfall (1901–2017 CE; 

Fig. 2  Pearson correlations between the LDE chronology and a 
monthly and seasonal rainfall totals in inland southwest Australia and 
b autumn–winter (Feb-Oct total) rainfall across Australia. All rainfall 
data are CRU TS 4.03 0.5° gridded precipitation data, which in a was 
area-averaged over inland southwest Australia 29–32° S, 117–120° E, 
indicated by the white box in (b). The heatmap a shows the correla-
tion between the LDE chronology and rainfall summed over window 
lengths between 1 and 12 months (y-axis) and starting in any month 
of the previous (pJan-pDec) or current (Jan-Dec) year of growth 
(x-axis). The highest correlation was found for the 9-month win-
dow starting in February of the current year of growth (i.e., Feb–Oct 

total rainfall), indicated by the white box in (a). The diagonal black 
line (~ 30°S,115°E to 35°S,120°E) in (b) represents the approximate 
boundary between coastal southwest Western Australia (SWWA) 
where an autumn–winter rainfall decline has been observed since 
the 1970s (Indian Ocean Climate Initiative 2002) and inland south-
west Australia (to the northeast of the line; the focus of this study) 
where an autumn–winter rainfall decline has been observed since 
2000 CE. Correlations were calculated for the period 1901–2017 (i.e., 
n = 117 years). Spatial correlations in (b) were calculated in Climate 
Explorer (climexp.knmi.nl)
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Table 1; Fig. 3a) and matches patterns of observed rainfall 
well on both inter-annual and decadal timescales (Fig. 3b).

Given that we were interested in interpreting the signifi-
cance of the recent (post-2000 CE) observed decline in late 
autumn–winter (May-Oct) rainfall in inland southwest Aus-
tralia, we confirmed that the reconstruction represented the 
observed trend well over recent decades. In particular, we 
considered the possibility that our tree-ring record may have 
been influenced by an increasing trend in summer rainfall 
in the post-2000 CE period (Fig S2) and thus underestimate 
the recent declining trend in observed autumn–winter (par-
ticularly May-Oct) rainfall. However, reconstructed rainfall 
represents the trend of the post-2000 CE decline in observed 
winter (May-Oct) rainfall well and is not strongly influenced 
by years of high summer rainfall in the most recent decade 

(Fig S2). We consequently have confidence in using the 
reconstruction to assess the importance of the recent declin-
ing trend in autumn–winter rainfall in the context of rainfall 
variability over the last seven centuries.

3.4  Detection of ‘mega’‑droughts and pluvials

We used changepoint analysis to investigate decadal and 
multi-decadal scale variations in hydroclimate in the recon-
structed rainfall time series. Changepoint analysis is used 
to identify points in a time series where the statistical prop-
erties (e.g., mean, variance and/or trend) change between 
one period and the next (Beaulieu et al. 2012) and is often 
used to infer abrupt regime shifts in climate data series (e.g., 
Cahill et al. 2015; Rahmstorf et al. 2017). There are many 

Table 1  Calibration and 
verification statistics for 
the reconstruction model of 
autumn–winter (Feb–Oct) 
rainfall in inland southwest 
Australia

r is the Pearson correlation coefficient,  R2 is the coefficient of determination,  REver is the Reduction of 
Error and  CEver is the Coefficient of Efficiency for the verification period. n is the number of data points 
(years) used in the model. All p-values associated with correlation values (r) are < 0.0001

Calibration Period r R2 Verification period REver CEver n

Early (1901–1959) 0.74 0.55 1960–2017 0.534 0.532 59
Late (1960–2017) 0.75 0.57 1901–1959 0.503 0.501 58
Full (1901–2017) 0.74 0.55 – – – 117

Fig. 3  Tests of reconstruction 
skill; a linear relationships 
between ring width (ring-width 
index) and Feb-Oct Rainfall in 
the early (red, 1901–1959 CE), 
late (blue, 1960–2017 CE) and 
full (black, 1901–2017 CE) cali-
bration periods. b Comparison 
of inter-annual and multi-dec-
adal variability (~ 40 year loess 
smooth) of observed rainfall 
(grey) and reconstructed rainfall 
(black) during the instrumen-
tal period (1901–2017 CE). 
Observed rainfall data are the 
CRU TS4.03 precipitation data 
area-averaged over 29–32° S, 
117–120° E. Lines in (a) repre-
sent linear models and shaded 
bands represent 95% confidence 
intervals, calculated using the 
lm() function in R 3.6.1 (R Core 
Team 2019)
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methods for detecting changepoints in timeseries data and 
different methods are more appropriate for some types of 
data or purposes than others (Rodionov 2006; Reeves et al. 
2007; Liu et al. 2016; Maidstone et al. 2017; Beaulieu and 
Killick 2018). Here, we primarily use changepoint analysis 
to identify periods of above or below average rainfall and 
high or low inter-annual variability. We therefore used the 
cpt.meanvar() function in the changepoint package (Killick 
and Eckley 2014) in R 3.6.1 (R Core Team 2019) to detect 
changes in the mean and variance of reconstructed rainfall. 
We used the pruned exact linear time (PELT) method, which 
is an efficient and accurate method for detecting multiple 
changepoints in large datasets (see Killick et al. 2012), with 
a manually-selected penalty of log(n). We were particu-
larly interested in identifying dry or wet periods on decadal 
and multi-decadal timescales as these timescales are most 
relevant to management of dryland agriculture and water 
resources. We therefore ran two analyses; one with a speci-
fied minimum segment length of 10 years (decadal), which 
allows for periods of any length ≥ 10 years to be identified 
and another with a minimum segment length of 50 years 
(multi-decadal). We then classified periods when mean 
(Feb-Oct) rainfall exceeded 0.5 standard deviations (SD) 
below or above the long-term (1350–2017 CE) mean of 
226 mm as ‘droughts’ or ‘pluvials’. We classified periods 
that exceeded the 0.5 SD criterion and were > 30 years in 
duration as ‘megadroughts’ or ‘megapluvials’. Our focus 
is on the mean and variance of the identified drought and 
pluvial periods rather than the magnitude of the shifts that 
occur between them. As such, we do not intend to infer the 
importance of shifts between periods nor their underlying 
dynamics, i.e., whether the changepoints resulting from our 
analyses represent abrupt regime shifts rather than internal 
decadal or multi-decadal variability.

4  Results and discussion

4.1  Post‑2000 CE rainfall decline—is it anomalous?

Our reconstruction reveals that autumn–winter rainfall in 
inland southwest Australia has varied on decadal to multi-
decadal timescales over the last seven centuries (Fig. 4). Our 
analysis also indicates that the observed autumn–winter rain-
fall decline over inland southwest Australia since 2000 CE is 
not unusual in the context of natural variability over the last 
seven centuries. Similar > decadal declines in autumn–win-
ter rainfall have also occurred in the fifteenth, eighteenth, 
nineteenth and twentieth centuries (Fig. 4a). In addition, 
mean rainfall for the period 2008–2017 CE was below the 
the 1350–2017 CE mean, but was not extremely low (~ 0.3 
SD below the 1350–2017 mean; Fig. 4b).

Our tree-ring record provides empirical support for the 
findings of Cai et al. (2005) that multi-decadal drying trends 
can occur naturally over southwest Australia and suggests 
that natural multi-decadal scale variability could account 
for at least part of the rainfall decline in coastal southwest 
Western Australia (SWWA) and inland southwest Australia 
over recent decades (see Fig. 1a for the locations of SWWA 
and inland southwest Australia). However, these declining 
trends are also consistent with model-based predictions of 
the impact of increasing greenhouse gas concentrations 
on rainfall in southwest Australia (Hope 2006; Delworth 
and Zeng 2014; Andrys et al. 2016). In particular, the post-
1970 CE rainfall decline in SWWA has been attributed to 
anthropogenically-driven changes in sea level pressure and 
the increasingly positive behaviour of the SAM over the 
same period, (Cai and Cowan 2006; Hope 2006; Timbal 
et al. 2006; Nicholls 2010; Cai et al. 2011; Raut et al. 2014) 
as well as changes in land cover in the region (Pitman et al. 
2004; Timbal and Arblaster 2006; Nair et al. 2011; Andrich 
and Imberger 2013). Both natural variability and anthropo-
genic-driven changes likely contributed to the recent rainfall 
declines and their combined impacts could potentially lead 
to even greater reductions in rainfall in southwest Australia 
in the future (Cai and Cowan 2006).

While our record indicates the decline in winter rainfall 
over inland southwest Australia since 2000 CE is not unu-
sual in the context of the last seven centuries, this finding 
does not necessarily extend to coastal SWWA, where the 
decline in autumn–winter rainfall has been more extreme 
(> 20% decline) and prolonged (since the 1970s). First, the 
decline in autumn–winter rainfall between 1970 and 2000 
CE in SWWA was associated with a reduction in the fre-
quency of deep low-pressure systems crossing the region 
(Hope et al. 2006; Hope and Ganter 2010; Raut et al. 2014). 
However, the continued decline post-2000 CE over SWWA 
and the beginning of the decline over inland southwest Aus-
tralia was associated with a decline in the amount of rainfall 
from low-pressure systems (cutoff lows and frontal systems) 
rather than a further decline in their frequency, as well as an 
increase in the frequency of high-pressure systems, which 
impact a broader region of southwest Australia (Hope and 
Ganter 2010; Pook et al. 2012; Risbey et al. 2013). This 
difference in synoptic rainfall delivery systems and spa-
tial signatures of the rainfall decline between the pre- and 
post-2000 CE periods suggests that different or additional 
drivers may be involved in the post-2000 CE decline that 
has impacted southwest Australia more broadly (SWWA 
and inland) compared to those driving the decline in only 
SWWA before 2000 CE (Hope and Ganter 2010). Second, 
an ice core record from Law Dome in Antarctica, which 
shows a statistically significant relationship with SWWA 
rainfall, suggests that the rainfall decline in SWWA since 
the 1970s is unusual in the context of the last seven centuries 
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(van Ommen and Morgan 2010). However, it remains uncer-
tain whether the teleconnection between snowfall at Law 
Dome in Antarctica and rainfall in SWWA has been station-
ary through time. Hence, in situ proxy records are needed 
to confirm the significance of the recent rainfall decline in 
SWWA.

4.2  A wet twentieth century

The twentieth century was, on average, the wettest of the 
last seven centuries (1904–2017 CE mean rainfall ~ 15 mm 

above the long-term mean; Fig. 4d) and showed a high level 
of inter-annual and decadal-scale variability (Fig. 4e). In 
particular, the twentieth century was characterised by three 
pluvials (with mean rainfall > 50 mm; > 1 SD above the 
long-term mean; Table 2; Fig. 4b). These pluvials occurred 
in the 1910s, 1960s-70 s and 1990s–2000s, when several 
strong La Niña and negative IOD events likely drove wet-
ter conditions in inland southwest Australia (Taschetto et al. 
2016; Australian Bureau of Meteorology 2020a, b). The 
SAM potentially also played a role in driving wet condi-
tions during the latter half of the twentieth century. There 

Fig. 4  The 668-year recon-
struction of autumn–winter 
(Feb-Oct) rainfall for inland 
southwest Australia showing a 
inter-annual and ~ decadal vari-
ability with a ~ 15-year Gaussian 
filter; and b, c decadal periods 
(> 10 years) or d, e multi-
decadal periods (> 50 years) 
identified through changepoint 
analysis as having different 
mean and variance. Horizontal 
solid black lines in (b) and 
(d) represent the mean rainfall 
for each period and horizontal 
solid black lines in (c) and (e) 
represent the variance of each 
period. Light grey shading in (a, 
b, d) represents 95% prediction 
intervals calculated using the 
predict() function in R 3.6.1 
(R Core Team 2019); dashed 
horizontal black lines in (a), (b) 
and (d) indicate mean rainfall 
for the full reconstruction 
period (1350–2017 CE); dotted 
horizontal lines in (b) and (d) 
represent ± 0.5SD from the 
1350–2017 CE mean. Coloured 
shading in (b) and (d) indicates 
the driest (orange) and wettest 
(blue) > decadal or > multi-
decadal periods in the last seven 
centuries. Numbers within the 
shaded areas in (b) indicate 
the severity rank of > decadal 
dry and wet periods; 1 = dri-
est (lowest mean rainfall) or 
wettest (highest mean rainfall; 
see Table 2 for details of these 
periods)
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is a significant positive correlation between the instrumen-
tal SAM in summer-autumn (Nov–Apr, Marshall 2003) 
and reconstructed (Feb–Oct) rainfall in inland southwest 
Australia in the last half of the twentieth century (r = 0.39, 
p = 0.009, 1957–2000 CE; r = 0.41, p = 0.006 when both 
series are linearly detrended). Both instrumental and proxy 
records of the SAM show positive trends in the late twen-
tieth century; which particularly between 1975 and 2000 
CE, coincide with a similar positive trend in autumn–win-
ter rainfall over inland southwest Australia (Fig S3). How-
ever, prior to the 1950s there is little agreement between 
our reconstruction of inland southwest Australian rainfall 
and proxy records of the SAM (Fig S3), suggesting that the 
positive relationship between the SAM and rainfall in inland 
southwest Australia may be a recent phenomenon. However, 
there is a high degree of uncertainty surrounding the behav-
iour of SAM prior to instrumental records. The few multi-
century reconstructions of the SAM that exist (Villalba et al. 
2012; Abram et al. 2014; Dätwyler et al. 2017) show little 
agreement with each other in the centuries prior to 1800 CE 
(Hessl et al. 2017; Fig S3). More SAM-sensitive records are 
needed to gain a more precise understanding of the temporal 
and geographic variability of the impacts of the SAM over 
the last millennium (Hessl et al. 2017) and to better char-
acterise the relationship between the SAM and southwest 
Australian rainfall prior to 1950 CE.

4.3  Megadroughts in the late eighteenth 
and nineteenth centuries

In contrast to the twentieth century, the late eighteenth and 
nineteenth centuries were the driest multi-decadal periods 
of the last seven centuries (Fig. 4d), characterised by three 

drought periods, two of which we classified as megadroughts 
(> 30 years duration; Fig. 4b, Table 2). The multi-decadal 
duration of the two megadroughts in the late eighteenth and 
early nineteenth centuries (#2 and #5; Fig. 4, Table 2) is of 
the same order as megadroughts that have been simulated for 
western and eastern Australia (~ 20–40 years, Taschetto et al. 
2016; Stevenson et al. 2018) and identified in an ice core-
based reconstruction of eastern Australian rainfall (up to 
40 years, Vance et al. 2015). Our record shows evidence of 
the ‘Federation drought’ at the turn of the twentieth century 
(1890s to 1902 CE; #6 in Fig. 4b), which is widely regarded 
as one of the worst droughts recorded in instrumental records 
in both eastern and southwest Australia (Verdon-Kidd and 
Kiem 2009). However, this period does not appear extreme 
(i.e., within 0.5 SD of the mean) in the context of the last 
seven centuries in inland southwest Australia. Instead, our 
record indicates that the decade prior (1876–1888 CE; #1 
in Fig. 4b) was the most severe drought in inland southwest 
Australia in the last seven centuries in terms of both rainfall 
deficit (decadal mean) and the consistency of extremely dry 
conditions (i.e., absence of above average rainfall years and 
very low inter-annual variability; Fig. 4b, c).

There is little documented evidence from inland south-
west Australia to corroborate the occurrence of mega-
droughts in the eighteenth and nineteenth centuries as they 
pre-date the development of pastoral and mining industries 
and thus instrumental climate records in inland southwest 
Australia. However, both the 1830s megadrought and the 
1880s drought coincide with reports of drought conditions 
around Perth on the west coast of Western Australia (Foley 
1957) and with dry conditions evident in a tree-ring record 
from the south of Western Australia (Cullen and Grierson 
2009; O’Donnell et al. 2018). In addition, the 1830s was also 
a dry period in a tree-ring and coral based reconstruction of 
hydroclimate for southeast Australia (Palmer et al. 2015; 
Cook et al. 2016). The coincidence of drought conditions 
in the 1830s in southwest and southeast Australian records 
suggests that drought conditions may have extended across 
southern Australia during this period.

Interestingly, several of the drought periods evident in 
inland southwest Australia in the eighteenth and nineteenth 
centuries coincided with drought conditions evident in tree-
ring based records of hydroclimate in southeast Asia. For 
example, the late ~ 1870s and 1890s were also periods of 
severe drought conditions and famine in southeast Asia (the 
‘Victorian Holocaust Droughts’ or ‘Great Drought’; Davis 
2001; Buckley et al. 2007, 2019; Sano et al. 2009; Cook 
et al. 2010; Singh et al. 2018), which have been linked to 
strong El Niño conditions. In addition, the late eighteenth 
century megadrought (1755–1785 CE) in our record (#2 in 
Fig. 4b) aligns with a similar multi-decadal megadrought 
evident in tree-ring records from southeast Asia (‘Strange 
Parallels Drought’, Buckley et al. 2007, 2010; Sano et al. 

Table 2  The wettest and driest ≥ 10-year periods in the last seven 
centuries in inland southwest Australia identified through change-
point analysis

Rank Period Dura-
tion 
(years)

Mean 
Rainfall 
(mm)

Difference from 
long-term mean 
(mm)

Wet 1 1909–1922 14 286 60
2 1959–1975 17 278 52
3 1992–2006 15 276 50
4 1434–1443 10 271 45
5 1408–1417 10 259 33
6 1480–1498 19 257 31

Dry 1 1876–1888 13 180 -46
2 1755–1785 31 190 -36
3 1393–1407 15 190 -36
4 1533–1542 10 191 -35
5 1828–1859 32 200 -26
6 1889–1908 20 206 -20
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2009; Cook et al. 2010). This was also a period of protracted 
El Niño-like conditions, as indicated by warm SST anoma-
lies in coral records from the Galapagos Islands (Dunbar 
et al. 1994), suggesting that ENSO may have also played a 
role in driving drought conditions in both southeast Asia and 
southwest Australia during these periods.

4.4  Average conditions through the late sixteenth 
to mid‑eighteenth centuries

The sixteenth to mid-eighteenth centuries appears to have 
been a period of relatively low multi-decadal variability of 
hydroclimate in inland southwest Australia (Fig. 4d). Only 
one drought period was identified (1540s, #4 in Fig. 4b), 
which, much like the 1880s drought period, was character-
ised by a ~ decade-long run of dry years and low inter-annual 
variability (Fig. 4b, c). Both drought and pluvial periods 
were notably absent between 1550 and 1750 CE and plu-
vial periods in particular were absent for a ~ 400-year period 
between the sixteenth and nineteenth centuries (Fig. 4b, c).

4.5  A wet fifteenth century

The fifteenth century, much like the twentieth century, was 
relatively wet compared to other centuries (Fig. 4d). The 
fifteenth century was also characterised by three decadal 
pluvial periods, although these were less extreme than those 
in the twentieth century (mean rainfall > 30 mm or > 0.5 SD 
above long-term mean; Table 2; Fig. 4b, c). In general, the 
pluvial periods of both the fifteenth and twentieth centuries 
were characterised by high inter-annual variability, where 
extreme wet years were interspersed with dry years. How-
ever, the 1430s pluvial (#4 in Fig. 4b; Table 2) is unique 
among the six identified pluvial periods; characterised by 
a decade-long run of consistently wet conditions and low 
inter-annual variability (Fig. 4b, c). We identified pluvial 
periods with durations of up to 19 years (Table 2), but did 
not identify any megapluvials (> 30-year duration) in the 
entire 1350–2017 CE record.

The early fifteenth century was also a period of unusual 
climate conditions in Antarctica. Ice core records indicate 
periods of very low snowfall at Law Dome (east Antarc-
tica; 1430–1470 CE; van Ommen and Morgan 2010) and 
low snowmelt at James Ross Island (~ 1410–1460; Abram 
et al. 2013) and Siple Dome (west Antarctica; Das and Alley 
2008) in the early-mid 1400s, which approximately coin-
cide with pluvial conditions in inland southwest Australia, 
suggesting there may have been a Southern Ocean influ-
ence linking the hydroclimate of southwest Australia and 
east and west Antarctica during this period. However, more 
independent proxy records from both southwest Australia 
and Antarctica would be needed to confirm this hypothesis.

4.6  Drought at the turn of the fourteenth century

We identified a drought period in inland southwest Aus-
tralia between 1393 and 1407 CE (#3 in Fig. 4b; Table 2), 
which was characterised by a consistent run of below-aver-
age rainfall. Interestingly, this period also coincides with a 
severe drought period in southeast Asia (one of the ‘Ang-
kor Droughts’) in the early fifteenth century (Buckley et al. 
2010). Prolonged droughts in southeast Asia have recently 
been linked to low-frequency variability in Pacific Ocean 
climate, particularly the warm (positive) phase of the Inter-
decadal Pacific Oscillation (IPO; Buckley et al. 2010, 2019). 
While the IPO is known to influence rainfall in eastern Aus-
tralia, its influence on rainfall patterns over western Aus-
tralia is much more variable (Power et al. 1999; Sharmila 
and Hendon 2020). However, the coincidence of (mega-)
droughts in both southeast Asia and southwest Australia dur-
ing the fifteenth as well as late eighteenth to nineteenth cen-
turies with positive phases of the IPO (Buckley et al. 2019), 
indicates that it is worth investigating the possible role of the 
IPO in influencing hydroclimate across the greater region 
during these periods.

4.7  Ongoing challenges to understanding 
past climate dynamics and risk

Our record covers the full period of the Little Ice Age 
(LIA, ~ 1400–1880 CE) but shows little evidence for a 
persistently dry or wet state in inland southwest Australia 
throughout this period; instead hydroclimate in inland south-
west Australia appears to have varied between wet (fifteenth 
century), average (sixteenth–seventeenth centuries) and 
dry (late eighteenth to nineteenth centuries) states (Fig. 4). 
Similarly, the Australia and New Zealand Drought Atlas, a 
reconstruction of hydroclimate based on tree-ring and coral 
records that are remote from the eastern Australian mainland 
(Palmer et al. 2015; Cook et al. 2016) as well as a tree-ring 
based reconstruction of summer temperatures for Tasmania 
(Cook et al. 2000) do not show evidence of a persistent cli-
mate state during the LIA. In contrast, lower temporal reso-
lution records from crater lakes in southeast Australia indi-
cate that wet conditions were relatively persistent through 
the LIA, with low inter-decadal variability between ~ 1400 
CE to the 1880s (Barr et al. 2014; Tibby et al. 2018), which 
has been attributed to La Niña-like climate forcing during 
the LIA (Barr et al. 2014). The lack of agreement among 
southern Australian proxy records during the LIA period 
highlights the need for greater spatial coverage and temporal 
resolution of proxy records to better understand the spatial 
and temporal patterns of past climate variability across the 
Australian continent.

While there have been periods of coincident climatic 
conditions between our record in southwest Australia and 
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other proxy records in the Southern Hemisphere, none 
of these records show consistently similar temporal pat-
terns to ours throughout the last seven centuries. This is 
expected, given that rainfall in Australia is driven by com-
plex interactions among multiple large-scale circulation 
features in the Indian, Southern and Pacific Oceans and 
that the impacts of these drivers on rainfall are often differ-
ent (weaker or stronger, sometimes even opposite) in dif-
ferent regions of Australia (Risbey et al. 2009). However, 
the lack of temporally consistent relationships between 
our record and remote records indicates that reconstruc-
tions based on remote proxy records may not accurately 
represent rainfall patterns of southwest Australia. Thus, 
there is a need to develop more local proxy records of 
hydroclimate across southwest Australia and Australia 
more broadly to better understand rainfall variability and 
the temporal stability and spatial signatures of possible 
teleconnections with circulation features in the Pacific, 
Indian and Southern Oceans.

Our record indicates that decadal pluvial and drought 
periods have occurred irregularly in the past seven cen-
turies; decadal droughts and pluvials primarily occurred 
at ~ multi-decadal frequency in several century-long peri-
ods (i.e., eighteenth century for droughts; fifteenth and 
twentieth centuries for pluvials), but were absent for 
multi-century periods in between. This finding is similar 
to that of Hunt (2009), who used simulated data from the 
CSIRO Mark 2 coupled global climatic model to estimate 
the occurrence of multi-year (8-year) dry periods in south-
west Australia among other regions. The irregular occur-
rence of decadal droughts and pluvials in inland southwest 
Australia over the last seven centuries suggests that there 
is limited predictability of the occurrence of such events 
(Hunt 2009).

Our findings indicate that drought risk assessments need 
to incorporate decadal to centennial-scale variability and 
include the possibility of severe and prolonged droughts 
beyond what is currently known from the instrumental 
record. Our record shows that the instrumental record is 
restricted to the wettest period of the last seven centuries and 
thus under-represents prolonged and severe drought periods 
in inland southwest Australia, adding to growing evidence 
that the instrumental period (since ~ 1900 CE) does not cap-
ture the full range of rainfall variability in many regions of 
Australia (i.e., Vance et al. 2013; Barr et al. 2014; Allen 
et al. 2015; Ho et al. 2015; Cook et al. 2016; Rouillard et al. 
2016; Tozer et al. 2016; Kiem et al. 2020). Hence, contem-
porary drought risk estimates based only on data from the 
instrumental period (~ 1900–present) are likely to underesti-
mate the risk of prolonged or severe drought for this region.
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