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Abstract
Recent extremes of flood and drought across Australia have raised questions about the 
recurrence of such rare events and highlighted the importance of understanding multi-
decadal climate variability. However, instrumental records over the past century are too 
short to adequately characterise climate variability on multi-decadal and longer timescales 
or robustly determine extreme event frequencies and their duration. Palaeoclimate recon-
structions can provide much-needed information to help address this problem. Here, we 
use the 600-year hydroclimate record captured in the eastern Australian and New Zealand 
Drought Atlas (ANZDA) to analyse drought and pluvial frequency trends for East Austral-
ian Natural Resource Management (NRM) clusters. This partitioning of the drought atlas 
grid points into recognised biophysical areas (i.e. NRM clusters) revealed their differences 
and similarities in drought intensity and pluvial events over time. We find sustained multi-
decadal periods of a wet–dry geographic ’seesaw’ between eastern to central and southern 
NRMs (e.g. 1550–1600 CE and 1700–1750 CE). In contrast, other periods reveal spatially 
consistent wetting (e.g. 1500–1550 CE) or drying (e.g. 1750–1800 CE). Emerging hot spot 
analysis further shows that some areas that appear naturally buffered from severe drought 
during the instrumental period have a greater exposure risk when the longer 600-year 
record is considered. These findings are particularly relevant to management plans when 
dealing with the impacts of climate extremes developed at regional scales. Our results 
demonstrate that integrating and extending instrumental records with palaeoclimate data-
sets will become increasingly important for developing robust and locally specific extreme 
event frequency information for managing water resources.

Keywords Australian hydroclimate · Extreme event recurrence · Refugia · Temporal 
stability
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1 Introduction

Future adaptation planning relies on understanding the environmental impacts of anthro-
pogenic climate change and an appreciation of natural climate variability. While there is 
a high degree of certainty around the impacts of climate change on temperature, there has 
been less confidence in the hydroclimatic effects (IPCC 2021). Climate change is thought 
to have already accelerated the hydrological processes making droughts more severe on a 
global scale (Mukherjee et al. 2018); however, regional-scale processes, forcings and feed-
back can modulate the local expression of drought (Cook et al. 2022; Vogel et al. 2019). A 
further complication is the combination of relatively high variability and short instrumen-
tal records that do not adequately capture inherent natural variability and are unlikely to 
represent the full range of possible wet and dry extremes (Cook et al. 2022)—even without 
anthropogenically forced climate change. Included within these are a special category of 
extreme events that are relatively rare, have significant impacts and are of uncertain tim-
ing—sometimes described as Black Swans (Taleb 2007)—the lack of a suitable hydrocli-
mate baseline makes it challenging to contextualise recent extremes and plan for the fre-
quency and intensity of climate extremes.

Australia has one of the most variable hydroclimates in the world (Peel et al. 2004) and 
has experienced three major widespread and protracted droughts in the past 120 years (Ver-
don-Kidd and Kiem 2009). Over the past two decades alone, parts of Australia have expe-
rienced several significant pluvial events (e.g. 2011, 2019 and 2022 CE in Queensland) 
as well as persistent drought conditions (e.g. 2001–2009 and 2017–2019 CE in Southeast 
Australia). The estimated economic impact of the 2017–2019 CE drought and subsequent 
2019–2020 CE bushfires was A$63 billion (Wittwer and Waschik 2021). A lack of under-
standing of how unusual such events are presents an obstacle to effective adaptive plan-
ning. Extremes are infrequent by definition, meaning that the short instrumental hydro-
climate record (e.g. rainfall and river flow) only contains a few samples of extreme wet 
and dry events. This creates significant challenges for generating probabilistic estimates of 
return periods: each time a new extreme occurs (e.g. a high rainfall event), the distribution 
is updated and event probabilities recalculated. A much longer context, as well as a larger 
pool of extreme events, are needed to robustly fit probability distributions. This would 
allow us to define better just how unusual recent events (often considered extreme) are 
against a long-term context, providing the data required for robust decision-making. Three 
examples include water allocation decision-making (e.g. Higgins et al. 2022), town plan-
ning decisions or identifying areas that can act as refugia for flora and fauna from extreme 
drought events.

Characterising the recurrence frequency of extreme events is helpful to land managers 
and planners but requires records with a precisely dated annual (or finer) resolution. Pal-
aeoclimate reconstructions from tree rings may be especially useful in this regard because 
they provide a precisely dated and annually resolved record, normally over hundreds of 
years, with a resolution commensurate with that required for planning purposes. In par-
ticular, the eastern Australia and New Zealand Drought Atlas (ANZDA; Cook et al. 2016, 
2018; Palmer et  al. 2015) provides an annually-resolved gridded dataset of the Palmer 
Drought Severity Index (scPDSI) showing drought and pluvial periods across eastern Aus-
tralia (Longitude > 136° E) over the past 600 years based on tree ring and coral chronolo-
gies. Such a record is especially valuable as the area covered includes large expanses of 
land under intensive agricultural use and most of eastern Australia’s major population cen-
tres. The ANZDA is particularly useful in terms of identifying the broader spatial patterns 
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in droughts and pluvials and, as such, matches the scale of information relevant to plan-
ners, resource and land managers.

In the Australian context, government agencies and non-government organisations uti-
lise the 54 Natural Resource Management regions (NRMs) as a focus for national priorities 
in relation to environmental management and planning. These NRMs are often grouped 
into eight areas for broad-scale climate change studies based on climatic and biophysi-
cal information (CSIRO and Bureau of Meteorology 2015). As a result, each of the eight 
larger areas contains several NRMs and are generally described as ‘NRM clusters’—the 
Wet Tropics (WT), Monsoonal North (MN), Rangelands (RL), East Coast (EC), Central 
Slopes (CS), Murray Basin (MB) and Southern Slopes (SS). This regionality and the fact 
that climate projections for these NRM clusters exist (see: www. clima techa ngein austr 
alia. gov. au) makes them an ideal target for examining regional natural hydroclimate vari-
ability over longer time frames (Freund et al. 2017; Grose et al. 2020). Here, we use the 
ANZDA resource to extract 600 years of hydroclimatic information for seven of the eight 
NRM clusters in eastern Australia (Fig. 1). We use this data to address whether the extent, 

Fig. 1  Map of eastern Australia overlaid with the natural resource management (NRM) clusters coinciding 
within the eastern Australia Drought Atlas (orange box). Particular NRM areas contributing to the clusters 
are also indicated

http://www.climatechangeinaustralia.gov.au
http://www.climatechangeinaustralia.gov.au
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frequency, intensity and duration of droughts and pluvials experienced in recent decades 
will be sufficient to help us plan for the future (i.e. is this a good representation of baseline 
variability). Specifically, has the recurrence of droughts and pluvials changed over the past 
600 years and is the current pattern of hydroclimate extremes in the different NRM clusters 
unusual in the context of the past ~ 600 years? We also illustrate how this type of infor-
mation can reveal potential climate refugia or identify areas currently being considered as 
refugia that may, in fact, be vulnerable.

2  Data and methods

2.1  The eastern Australia and New Zealand Drought Atlas (ANZDA)

The ANZDA (Palmer et al. 2015) consists of a gridded (0.5º spatial resolution) network 
of annually resolved values of the self-calibrating Palmer Drought Severity Index (scP-
DSI; Palmer 1965; van der Schrier et al. 2013). The yearly values are for the austral sum-
mer (December, January and February), with positive scPDSI values indicating wetter than 
normal conditions, while negative values indicate drier than normal conditions (droughts). 
The drought index is a widely used palaeoclimate reconstruction target, especially by the 
well-known series of drought atlases derived from tree-ring networks (e.g. Cook et  al. 
2010, 2015, 2020; Cook 1999; Morales et al. 2020; Stahle et al. 2016), many of which have 
been collated into one portal for easier access (Burnette 2021). For this study, the updated 
ANZDA (1400–2012 CE) reported by Cook et al. (2018) was used, but excluding the New 
Zealand grid points.

2.2  Drought and pluvial intensity, area, frequency and duration analyses

To examine the intensity of droughts and pluvials within each NRM cluster, we first con-
ducted a principal component analysis (PCA) on the associated grid cells (Table 1). The 
high proportion of explained variance captured by the first mode in each NRM provided 
reassurance of dominant regional signals, which were then plotted to show the year-to-year 
histories (Fig. 2). We also calculated a drought (and pluvial) area index by determining the 
proportion of grid cells within each NRM cluster that was experiencing moderate (|1|≤ scP-
DSI <|2|), severe (|2|≤ scPDSI <|3|) or extreme (scPDSI ≥|3) levels of drought or wetting 
(Fig. S1).

For each NRM cluster, the extreme levels of drought and pluvial intensity and the area 
affected by extremes were used to compute recurrence intervals over the 1400–2012 CE 
period, following the methodology of Morales et al. (2020) and as outlined by Mudelsee 
et al. (2004). Recurrence intervals for the first mode across each NRM cluster were based 
on the extreme values of the scPDSI (i.e. greater than the  95th percentile or lower than 
the 5th percentile). A density plot of the time intervals between consecutive extreme dry 
or consecutive extreme wet events shows that these intervals are not normally distributed 
in all of the different NRM clusters (Fig. S2 and Table S1), so non-parametric statistical 
analyses are needed. Kernel density estimation (KDE) is a non-parametric way to esti-
mate the probability density pattern of a random variable. Here, we calculated the Gauss-
ian kernel function using the R-package ’paleofire’ (Blarquez et  al. 2014). The ’kdffreq’ 
routine computed the extreme event frequencies for each NRM region using a Gaussian 
kernel density estimation procedure based on a defined bandwidth (see Mudelsee 2004 for 
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details). Confidence bands at the 95% level were obtained using 1000 bootstrap simulations 
to interpret these estimates better. The approach is similar to that described by Morales 
et  al. (2020) for the South American Drought Atlas (SADA). Pseudo-replicated values 
lying outside the observational window are used in the package to correct potential edge 
bias, equivalent to ‘boundary bias reduction’ described in Mudelsee (2014).

One key consideration in this analysis is the bandwidth (h) selection, as this determines 
the bias and variance properties of the occurrence rate of extreme events through time. 
Bandwidth selection also has large effects on occurrence rate estimation. The choice of a 
small bandwidth can allow too many variations and will often fail to identify significant 
events—often described as under-smoothing. In contrast, over-smoothing removes many 
significant variations in event occurrence rate (i.e. reduces the estimation variance but 
enhances the bias). We used the Sheather (1991) method to select bandwidth values for 
each region over the entire time period. The median length of extreme droughts was longer 
than that of extreme pluvials. We adopted a slightly lower bandwidth (i.e. h = 35) than the 

Table 1  Analysis of the drought indices (1400–2012 CE) for each NRM cluster (WT  Wet Tropics, 
MN  Monsoonal North, EC  East Coast, CS Central Slopes, RL  Rangelands, MB  Murray Basin and SS  South-
ern Slopes)

(a) Principal component analysis showing the amount of variance explained
(b) Cross-correlations between the PC1 indices of each cluster for both the entire reconstructed time period 
(1400–2012 CE) and only over the instrumental period (1900–2012 CE). This was done to help demon-
strate the stability of the cross-correlation relationships

(a)

Record Principal components Total variance 
explained (%)

PC1 PC2 PC3

Cluster WT 52 13 7 72
MN 48 19 7 74
EC 72 5 3 80
CS 74 7 3 84
RL 57 8 6 71
MB 63 8 5 76
SS 47 21 6 74
Average 59 12 5

(b)

Record Cluster

WT MN EC CS RL MB SS

Cluster WT – 0.801 0.519 0.443 0.552 0.385 0.399 Entire time 
period: 
1400–2012 CE

MN 0.858 – 0.470 0.319 0.709 0.394 0.286
EC 0.643 0.633 – 0.891 0.609 0.699 0.823
CS 0.613 0.784 0.862 – 0.672 0.809 0.847
RL 0.755 0.780 0.703 0.771 – 0.810 0.590
MB 0.487 0.430 0.702 0.502 0.784 – 0.852
SS 0.380 0.276 0.749 0.752 0.557 0.859 –

‘Instrumental’ period: 1900–2012 CE
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median for the extreme pluvials before running the ‘kdffreq’ routine. The rationale for this 
was to suppress potential extrapolation effects, further reduce the bias and achieve meth-
odological consistency for all the NRM regions. The slightly lower bandwidth approach is 
also consistent with Mudelsee et al. (2003) advice to under-smooth slightly.

The duration of consecutive dry or wet years was compiled for each NRM cluster 
(Fig. S3). Definitions of what determine a drought event vary in terms of both input data 
(e.g. scPDSI versus precipitation in the observed record) and criteria (Cook et al. 2022). 

Fig. 2  The drought severity index since 1400 CE for Natural Resource Management (NRM) clusters in 
eastern Australia. (a) Wet Tropics (WT). (b) Monsoonal North (MN). (c) Rangelands (RL). (d) Central 
Slopes (CS). (e) East Coast (EC). (f) Murray Basin (MB). (g) Southern Slopes (SS). For each cluster, the 
first principal component (PC1) of the Austral summer (Dec–Feb) drought intensity is plotted (i.e. upper 
figure) with shading highlighting contiguous periods of time of droughts or pluvials. The 5th and 95th 
percentile thresholds shown with dotted lines help to denote extreme year occurrences. Those years when 
extremes were reached are highlighted underneath as a bar chart, and the data are then used to plot the time-
varying frequency of extreme occurrences (i.e. return intervals). Dashed vertical line indicates the start of 
the instrumental period. Note The same process was applied to the relative areas of the NRM clusters under 
drought or pluvial conditions (i.e. scPDSI >|2|) with the figures placed in Supplementary (Fig. S1)
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Fig. 2  (continued)
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We have adopted a drought definition similar to that described in Coats et al. (2013) for 
scPDSI data (termed S2E2), with a drought commencing after 2 consecutive years of nega-
tive anomalies and continuing until 2 successive years of positive anomalies. The same 
criteria (but of opposite conditions) were used for determining a pluvial event.

2.3  Emerging hot spot analysis and identification of potential drought refugia

Spatial pattern analysis can assist with the consistent identification of regions historically 
vulnerable to or naturally buffered from climate extremes. This information can help iden-
tify priority areas for management intervention. For example, regions naturally buffered 
from recurring drought may offer a refugia for endangered species impacted by drought 
elsewhere. Pattern analysis, therefore, offers important evidence-based opportunities for 

Fig. 2  (continued)
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conservation management. This study identifies spatiotemporal variability in the gridded 
scPDSI using a space–time pattern mining method known as ‘emerging hot spot analysis’ 
(ArcGIS; Fig.  3). This method identifies statistically significant ‘hot spots’—in our case 
frequent drought, and ‘cold spots’—less frequent drought (refugia).

The emerging hot spot method generates trends in point density (counts), and therefore, 
the scPDSI had first to be converted to a binary (1, 0) data cube (known as a space–time 
cube). Here, we focus on trends in severe to extreme drought (i.e. scPDSI < -3), so the data 
cube was prepared by allocating all scPDSI < -3 to a value of 1 and all other scPDSI val-
ues to zero. Only data from 1900 to 2012 (i.e. instrumental period) were used to identify 
hot and cold spots. This approach was taken so that we could identify potential refugia 
(cold spots) that have been less affected by drought than the surrounding regions during 
the instrumental period. We then tested the stability of these refugia by selecting four cold 
spots as examples and assessed their drought history over time by comparison to the entire 
612-year record of the ANZDA.

The emerging hot spot method utilises a combination of two statistical measures:

(a) The Getis–Ord Gi statistic (Getis and Ord 1992) to identify the location and degree of 
spatial clustering; and

(b) The Mann–Kendall trend test (Kendall and Gibbons 1990; Mann 1945) to evaluate 
temporal trends across the time series.

The Getis–Ord Gi statistic measures the intensity of clustering (i.e. in our analysis, 
counts of scPDSI < -3 through time) for each grid cell relative to its neighbouring grid 
cells. Specifically, this statistic identifies significant clusters of high values (hot spots) or 
low values (cold spots) and measures their intensity. It does this by generating Z-scores 
and p-values for each cell, indicating whether the scPDSI counts in a given cell are sta-
tistically clustered compared to the scPDSI counts in neighbouring cells and across the 
entire spatial domain. A Z-score above 1.96 signifies a statistically significant ‘hot spot’, 
and a Z-score below −1.96 represents a statistically significant ‘cold spot’ at a signifi-
cance level of p < 0.05. The larger the Z-score, the more intense the clustering of val-
ues. A K-means clustering of eight spatial neighbours (grid cells) and a neighbourhood 

Fig. 3  Summary of the co-occurrence of droughts and pluvials across multiple NRM clusters. (A) Year-
by-year number of NRM clusters concurrently at more than 1 σ above (i.e. pluvial event; green) or below 
normal (i.e. drought event; brown). (B) The proportion of occurrences (i.e. number of times more than 1 σ 
above or below normal over the entire record of 613 years) by the number of NRM clusters. Note darker 
shading of green and brown reflects the proportions occurring during the palaeo record of 1400–1899 CE, 
while the lighter shading covers the ‘instrumental’ era of 1900–2012 CE
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timestep of 25 years (period over which counts were accumulated) was adopted for the 
analysis after initial sensitivity testing of these parameters. The Getis–Ord Gi statistic 
equations are detailed in Getis and Ord (1992).

The Mann–Kendall statistic assesses whether a statistically significant temporal 
trend exists through each grid cell’s 113-year time series of Z-scores resulting from 
the Getis–Ord Gi statistic. The Mann–Kendall statistic analyses the rank correlations 
between data values and their corresponding time points to determine the long-term 
data series’ trend (as detailed in Mann in 1945). This test employs two key parameters: 
the significance level of trend denoted as (Z), and the slope of the trend represented as 
(S) to gauge the significance and direction of changes within the data. The significance 
level helps determine whether the observed trend holds statistical significance, while 
the slope conveys the magnitude and direction of this trend.

The cluster and trend results from the Getis–Ord Gi and Mann–Kendall statistics are then 
used to categorise each grid cell. The results are symbolised with one of the six hot and cold 
spot categories describing the statistical significance of hot or cold spots and the location’s 
trend over time, as detailed below (Fig. 3).

• A sporadic hot spot means that this cell/region has a history of severe droughts scattered 
throughout the modern (since 1900) record, including the most recent timestep. Notably, 
there are no 25-year periods (the selected neighbourhood timestep) in the record without a 
severe drought.

• An oscillating hot spot has a history of severe droughts scattered throughout the modern 
(since 1900) record, including the most recent timestep. In contrast with the sporadic hot 
spot, this region has at least one 25-year period without severe drought.

• A sporadic cold spot indicates a region that has not experienced a severe drought in the 
past 25 years and has a history of being less exposed to severe drought.

• An oscillating cold spot has also not experienced a severe drought in the past 25 years. 
However, it has experienced periods of extreme drought in the past (more so than the spo-
radic cold spot).

• A consecutive cold spot indicates a region where the last two timesteps (50 years) have 
been free from drought; but severe drought has occurred before this at some point.

• No pattern detected indicates no significant trend in drought occurrence for this region/
cell.

Potential drought refugia were identified as any region within the three cold spot categories 
(consecutive, sporadic and oscillating) (Fig. 3). Collectively, this represents a region that has 
fewer occurrences of severe to extreme drought than other nearby regions. The combined cold 
spot information was then overlaid with the Australian Landuse and Management Classifica-
tion V8 (ALUMV8) to identify natural regions that have offered a buffer from drought over 
the past century. Examples of potential refugia were then identified for further analysis, and 
the extended (612-year) time series of drought occurrence was extracted at that location. The 
incidence of drought across the pre-instrumental record provided through our NRM analysis 
of the ANZDA record was then compared to the modern period.
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3  Results

3.1  Drought and pluvial intensity, area, frequency and duration for NRM clusters

The principal component analysis (PCA) of each NRM cluster showed that around 60% of 
the variability is captured by the first principal component (Table 1a). This provides a level 
of reassurance that the grid cells within each cluster are not highly heterogenous in their 
drought responses. The highest value was from the CS (74%), and the lowest was from the 
SS (47%). Only three clusters had a second principal component value above 10% (SS, MN 
and WT), likely reflecting the more diverse local landscapes compared to the other regions.

The correlations between paired NRM clusters broadly showed a latitudinal response, 
with the northern-most (i.e. WT and MN) and southern-most (i.e. SS) clusters being the 
least correlated to each other (Table 1b). Adjoining clusters tended to have higher correla-
tions than those more distant. The results in Table 1b also show that there were no notice-
able declines in the correlations from the recent period (i.e. 1900–2012 CE) compared to 
those from the entire period (i.e. 1400–2012 CE). This demonstrates that the relationships 
are not unique to the recent ‘instrumental’ period and that temporal consistency, or stabil-
ity, exists over the entire window of time.

Each cluster’s reconstructed drought intensity record is presented in Fig. 2, with the cor-
responding record for drought areas provided in Supplementary (Fig. S1). A summary of 
the results from each cluster is as follows (arbitrarily going from north to south):

• Wet Tropics (WT) cluster. The only protracted pluvial event appears at the start of the 
record, after which there is a period of increased aridity centred around 1500 CE. Plu-
vial events then returned to dominate late in the 16th century. A noticeable quiescent 
period appears late in the 18th and entire 19th centuries. There is greater variability in 
the  20th century and a marked increase in the pluvial recurrence rate.

• Monsoonal North (MN) cluster. Pronounced droughts occurred around 1500 CE, with 
other less conspicuous droughts ~ 1650 CE and the early 18th century. Substantial plu-
vial periods are evident in the late 16th century and the 1970s. Temporally scattered 
and infrequent extreme events occurred from the mid-18th and 19th centuries before 
a distinct period of extreme pluvials beginning in the 1920s that are reflected in the 
reduced recurrence interval for pluvial events.

• Rangelands (RL) cluster. An intense drought episode is centred around 1500 CE, with 
a dramatic switch from persistent drought conditions to strong pluvial events in the 
1580s. Drought events seem to dominate the early 20th century before a mid-century 
transition to persistent pluvials with a number of extreme wet events. As for MN and 
WT, the recurrence interval for pluvial conditions has significantly reduced since the 
middle of the 20th century.

• East Coast (EC) cluster. A pronounced pluvial phase is seen in the late 1500s, during 
the early-mid 1700s and after 1950. A prolonged and well-documented (e.g. Verdon-
Kidd and Kiem 2009) drought occurred during the Second World War. The frequency 
of extreme events is relatively unremarkable, although both extreme droughts and plu-
vials appear more common from the mid-20th century. However, neither the recurrence 
of extreme drought nor pluvial events have statistically changed during the 600 years.

• Central Slopes (CS) cluster. Similar to the Rangelands, severe drought can be 
observed in the early 1500s, followed by extended pluvial conditions during the lat-
ter part of the 16th century. There was a pronounced pluvial period in the early-mid 
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1700s and again from ~ 1950s to 70s, preceded by extended drought conditions. 
The return interval for extreme pluvials has sharply decreased from the mid-20th 
century but less clearly than for the WT and MN clusters.

• Murray Basin (MB) cluster. Prominent pluvial events are evident in the late 16th 
century, as is an extended pluvial period during the first half of the 18th century. 
The Second World War drought stands out in terms of its magnitude and duration, 
and both extreme pluvials and droughts appear to be more frequent towards the 
latter part of the 20th century, although their recurrence intervals have not signifi-
cantly changed compared to the previous centuries.

• Southern Slopes (SS) cluster. Drought was most persistent ~ 1500, the Second 
World War and then from the 1990s. Drought in the latter period is most pro-
nounced across the eastern seaboard NRM regions. There are distinct pluvial epi-
sodes in the mid-late 16th century, the mid-18th century and through much of the 
middle of the 20th century. Although recent drought conditions have become more 
frequent since 1990, their recurrence is not yet statistically distinct from the rest of 
the 600-year record.

The persistence of pluvial conditions in the more northern NRM clusters (WT, MN, 
RL and CS) over the second half of the 20th century is notable in the context of the 
past 600 years. While the MDB and EC also exhibit pluvial conditions in the 1950s 
and 1970s in particular, these have been less persistent than for the northern and inland 
NRMs. At the same time, (with the exception of the 2011–12 period), decreasing scP-
DSI indicates increasingly dry conditions in the MDB and SS, although notably, these 
conditions do not appear more extreme than those that have previously been experi-
enced in these NRMs (while still being ranked in the worst 5%). The mid-1700s stand 
out as a relatively wet period for CS, EC, MDB and SS; and the period ~1500 CE was 
generally dry across the eastern seaboard (slightly muted for MDB and SS). These pat-
terns are reinforced by the relative areas of each NRM experiencing drought/pluvial 
conditions at any one time. The 20th century is particularly notable for the relatively 
large areas within each NRM concurrently experiencing drought/pluvial conditions.

In most cases, the duration of droughts longer than 5 years is not well represented 
in the instrumental period (Fig. S3). The main exception to this is WT, and to a lesser 
extent, CS. The duration of pluvial periods across the pre-1900 period is reasonably 
well represented by their duration, particularly in the MN and MB. The largest differ-
ences between the duration expressed in the instrumental compared to the pre-1900 
period are for the RL (droughts longer than 10 years) and EC (droughts longer than 4 
years; Fig. S3).

A summary of the co-occurrence of droughts and pluvials across multiple NRM 
clusters is shown in Fig. 3. For each NRM cluster, we first selected only the wet (or 
dry) years that were more than one standard deviation (i.e. ≥1σ) above (below) nor-
mal. The number of NRM clusters meeting these criteria for any 1 year was then plot-
ted (Fig. 3a). Although not clearcut, there does appear to be some oscillation between 
periods with multiple NRMs being either wet or dry (e.g. wet around 1720s CE and 
dry around 1500 CE). Finally, a comparison was made of the general co-occurrence 
pattern between the palaeo record (i.e. 1400–1899 CE) and the instrumental period 
(i.e. 1900–2012 CE) (Fig.  3b). The pattern shows the recent instrumental period to 
have experienced more large-scale events than the pre-1900 period.
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3.2  Emerging hot spots and the identification of potential drought refugia

The emerging hot spot analysis identified statistically significant hot (i.e. often impacted by 
drought) and cold (i.e. infrequently impacted by drought) spots for the instrumental period 
across the NRMs (Fig.  4). Overall, the coastal NRMs feature significant hot spots, pre-
dominantly oscillating, during this period (except for the WT), meaning that drought has 
been a recurrent feature in these regions during the most recent century. In contrast, the 
interior NRMs are mostly classified as cold spots (absence of drought in the last timestep 
and overall few severe droughts prior to that). A notable exception for the EC NRM is the 
region around Port Macquarie to Coffs Harbour, which is classified as a cold spot (i.e. 
fewer severe droughts; see Fig. 5, cold spot C). One reason that the interior NRMs tend to 
have fewer droughts is that this region experiences overall lower variability in the scPDSI 

Fig. 4  Emerging hot spot analysis (1900 CE onwards) of the eastern Australian Drought Atlas spatial field 
indicating areas with more severe droughts than surrounding grid cells (i.e. hot spots) or the reverse situa-
tion (i.e. cold spots). The latter are thought to potentially indicate refugia from severe droughts
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values (Fig. S4). That is, while this region is more arid, the climate departs from this nor-
mal state less often, and as such the scPDSI is more frequently in the ‘normal’ range.

A large proportion of cold spots are located within the cropping and grazing lands of the 
interior NRMs, particularly the RL (Fig. 5). From an agricultural perspective, this is use-
ful to explore further; however, here, we focus on potential drought refugia located within, 
or close to, nature conservation, managed resource protection or minimal use (denoted 
by mauve/purple colour land use). This is because such regions are particularly impor-
tant to the ecological communities they support. Four example refugia were chosen for 
further analysis, one from the WT in far North Queensland (Panel A), one from the RL 

Fig. 5  Map showing the different land-use classifications overlaid with ‘colds pots’ (blue grid cells; 
redrawn from Fig. 4). Detailed enlargements of four chosen ‘cold spot’ examples (A, B, C, D) found in four 
different NRM clusters with varying land-use classifications, are shown on the right side of the figure. For 
each example, the occurrence of significant drought events throughout the entire reconstructed record is 
then shown in the four lower panels
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around Lake Eyre National Park (Panel B), another from the Coffs Harbour region of the 
EC (Panel C) and a final site in the MB near Swan Hill (Panel D, which is mixed land use 
but does include Murray Valley National Park). The time series of severe drought events 
over the entire ANZDA ~ 600-year period were extracted for these regions (lower panels 
of Fig. 5). The results show that, for the WT and RL cold spot examples (Fig. 5), similar 
to the instrumental period, the earlier occurrence of severe droughts was relatively rare, 
but both regions did still experience severe drought during the 1700s. Otherwise, these 
two locations may represent relatively stable drought refugia (based on the ANZDA data). 
Similarly, although severe drought has occurred more regularly for the MB location, the 
frequency is similar to the instrumental period (~ 1 per 100 years), meaning that the eco-
systems have likely evolved under a matching envelope of drought variability over the 
600 years. However, this is not the case for the EC site near Coffs Harbour, which high-
lights that drought has likely occurred much more frequently before 1850 than it has since. 
Indeed, the occurrence of severe drought prior to 1850 is substantially higher than in the 
instrumental period.

4  Discussion

Global climate change poses a significant threat to ecological communities already modi-
fied by the human footprint. In the Australian context, this is taking place against the back-
drop of an extremely variable climate. Recent trends in extremes have indicated that much 
of the southeast of Australia has experienced a shift towards drier conditions (Murphy and 
Timbal 2008), but it is impossible to assess how unusual this is without delving further 
into the past. Here, we present a 600-year assessment of wetting and drying trends across 
eastern Australia to assist in placing these trends in context. Our analysis confirms that the 
Southern Slopes has experienced increasingly dry conditions and a decrease in pluvials 
over the second half of the 20th century; however, this was found to be within the bounds 
of past variability and similar to the early 1500s. In contrast, the persistence of pluvial 
conditions in the Wet Tropics over the second half of the 20th century, a feature consistent 
with all of the more northern NRMs, was found to be unique within this long-term con-
text. These patterns are also reinforced by the relative area results (Fig. S1). Each NRM 
contains a unique pluvial and drought history record punctuated by a severe pluvial period 
during the mid-1700s across all the NRM clusters, and the period around 1500 was marked 
by widespread severe drought.

The relative lack of available tree-ring chronologies on the Australian mainland that 
could be used to produce the ANZDA is an important caveat for our analyses and the 
resulting trends we have identified. A large proportion of the chronologies come from 
New Zealand and Tasmania, with an additional subset in northern Australia. As such, it is 
helpful to compare our reconstructed drought index for each NRM cluster (i.e. PC1) with 
other annual-resolution hydroclimate reconstructions in eastern Australia (Table 2). Most 
of these are for slightly different seasons to the ANZDA and are derived from a range of 
proxies, including both remote and in situ (described in Table 2). Four of the twelve recon-
structions, identified in Table 2a, shared some tree-ring proxies with the current study and, 
therefore, cannot be considered strictly independent, and as perhaps to be expected, they 
were all significantly correlated to our reconstructions (Table 2b; Allen et al. 2015; Freund 
et al. 2017; Gallant and Gergis 2011; Higgins et al. 2022). Both the Wet Tropics and Mon-
soonal North clusters were significantly correlated to all but one of the five independent 
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coral-based reconstructions by Lough (2007, 2011). Our East Coast cluster reconstruction 
was significantly correlated with the independent local tree-ring-based reconstruction by 
Heinrich et  al. (2009). However, our East Coast reconstruction was not correlated with 
those of the Williams River Catchment (Tozer et  al. 2016) or the Southeast Queensland 
rainfall station (Australian Bureau of Meteorology, gauge number 40082; Kiem et al. 2020) 
(Table 2b). Both of these reconstructions are based on summer sea-salt concentration in the 
Antarctic Law Dome ice-core (LDsss) and as recently pointed out by Jong et al. (2022), 
the LDsss record has both missing values and cumulative age uncertainties. These factors 
could have affected their correlations to our tree-ring-based reconstructions. It is notable 
that the two ice-core-based reconstructions were extremely highly correlated with one 
another (Pearson correlation of 0.98) and neither was correlated with the Heinrich et al. 
(2009) reconstruction (Pearson correlations of −0.116 and −0.095, respectively).

The Murray Basin cluster did not correlate with the rainfall reconstruction by Ho et al. 
(2015). However, about half of the common overlapping time period of their reconstruc-
tion with ours was based solely on a low-frequency aridity index (wet/dry) combined with 
stochastically derived annual rainfall data, which would explain the poor correlation at the 
annual timescale. We believe the negative correlation between the PC1 of the Southern 
Slopes (SS) cluster, and the Allen et al. (2015) lake in Tasmania is a result of the island’s 
contrasting East–West climate. However, SS PC2 was strongly positively correlated and 
is more related to the eastern part of Tasmania, which is more climatically similar to the 
northern part of SS (compared to western Tasmania).

In summary, the scPDSI NRM series correlates significantly with a range of other rain-
fall and streamflow reconstructions for eastern Australia and those that do not have been 
identified as either incompatible (e.g. Ho et al. 2015) or potential dating issues (e.g. Tozer 
et al. 2016 and Kiem et al. 2020). This gives us some confidence in the wetting and drying 
signatures we have identified, as well as the drought refugia analysis.

Drought refugia have high ecological significance due to their role as natural buffers 
against drought (Selwood and Zimmer 2020). Our analysis identifies the New South Wales 
North Coast (northern EC NRM) as a potential drought refugium based on the post-1900 
CE period. This is one of Australia’s most ecologically diverse regions, hosting World Her-
itage listed Gondwanan rainforests, major river catchments and numerous wetlands and 
beaches. In addition to a changing climate, the North Coast faces significant anthropogenic 
pressures from rapid land-use change. Greater Coffs Harbour is at the centre of this urban 
growth, with a projected ~ 35% increase in population by 2041. Such growth will result in 
an expansion of intensive land use and increased competition for resources (e.g. water for 
industry and residential), all at a cost to the natural landscape. While this applies to most 
NSW coastal cities, the Coffs Harbour region is of particular concern due to its refugium 
status. However, the pre-instrumental period drought data for this region show the regular 
occurrence of severe drought. This raises an important issue. Will treating the region as a 
drought refugium based only on ~ 100 years of data when the palaeo-evidence suggests that 
the region is not an actual drought refugium lead to suboptimal ecological outcomes? We 
acknowledge that ground truthing with local palaeoclimate data is required to determine 
this with more certainty; however, at the time of writing, such data do not exist. The analy-
sis presented here is an important reason to initiate this process.

Although we have illustrated the use of the tree-ring-derived drought atlas to some spe-
cific areas for conservation, other applications are equally possible. One specific use is to 
inform climate risk and variability estimation (informing on ‘black swan events’) for insur-
ance indexes. Bell et al. (2013) have demonstrated the utility of longer-term climate his-
tories from the Monsoon Asia Drought Atlas (MADA) and the North American Drought 
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Atlas (NADA) for index insurance applications. The improved characterisation of the 
distribution of climate events from longer time series helped refine risk estimates for the 
insurance provider and contract holder. Recently, Waha et al. (2022) highlighted seasonal 
rainfall trends for Australian agriculture, with future projections for the wheat belt show-
ing a strong decline in western Australia and a more mixed result for the eastern sector. 
The study calls for a future re-evaluation of the trend analyses for eastern Australia as data 
become available—something a tree-ring-based drought atlas could contribute towards. In 
another example, Tellman et al. (2022) suggested that improvements to flood risk estimates 
based on satellite time series of inundation are possible, with examples from Bangladesh 
and Rio Salado (Argentina). Spatial fingerprints of extreme pluvials could be used from a 
drought atlas in a similar manner, with the key advantage being a better-constrained return 
period estimation.

There is a clear need to develop other high-quality tree-ring datasets for mainland Aus-
tralia, although this has so far been hampered by a lack of species deemed suitable for den-
drochronology (Haines et al. 2016). Research into additional species is currently underway 
and will be vital for further verifying the identification of hot and cold spots. Nevertheless, 
the type of information we have been able to produce here with what is already available in 
the ANZDA is valuable, and our analyses indicate the type of regionally relevant informa-
tion that can already be extracted.

5  Conclusions

The application of tree-ring networks for spatial field drought reconstruction (i.e. a drought 
atlas) provides a wealth of information that can be extracted at scales relevant to land man-
agers. Part of their usefulness lies in the fact that they extend over much longer timescales 
than available instrumental records and are, therefore, better able to constrain error esti-
mates of extreme event recurrence. Their annual resolution means that the information 
that can be extracted is available at a resolution most useful for resource planning. In this 
paper, we have explored the drought and pluvial frequency trends for East Australian Nat-
ural Resource Management (NRM) clusters based on the 600-year ANZDA. The results 
showed some sustained multi-decadal periods of wetting or drying in common across the 
different NRM clusters. Some wet–dry geographic ’seesaw’ periods also appeared between 
eastern to central and southern NRMs. In most cases, the durations of droughts and pluvi-
als that have occurred since 1400 CE are not well represented within the instrumental data 
period. This helps demonstrate that 20th century instrumental records alone are limited in 
their capabilities for assessing and preparing/managing for changes in the recurrence of 
extreme hydroclimatic conditions.

Importantly, emerging hot spot analysis has revealed that some areas appearing to be 
naturally buffered from drought during the instrumental period might not be when the 
longer 600-year record is considered. Our data show that basing assessment of what consti-
tutes a flora/fauna refugia on only the past century is inadvisable and may simply increase 
vulnerability to change. Long-term data are essential for determining what may and may 
not be refugia. Although our results demonstrate some of the value of long-term proxy cli-
mate data available from a drought atlas, we know that the network of tree-ring predictors 
mostly came from outside the NRM clusters. The independent verification with some other 
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studies does support our general findings but also highlights the importance of investing in 
future efforts to obtain more local records.
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