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ABSTRACT

An understanding of tropical hydroclimate variability, the associated drivers and how it is likely to change is a
major scientific and societal challenge that is acutely hampered by short instrumental records. We present a 246-
year tree-ring drought reconstruction of the Standardised Precipitation Evaporation Index (SPEI) for monsoonal
northern Australia for the end of the wet season (March-May; MAM). This reconstruction extends the instru-
mental record back by 150 years. Around one third of total annual rainfall falls during MAM, making it a crucial
component of the monsoonal cycle. MAM is also the season most impacted by the differential decay process of
Central Pacific (as opposed to Western Pacific) El Nino events that are linked with dry conditions over northern
and northwestern Australia more generally. Our reconstruction therefore provides an opportunity to consider
how central Pacific variability has modulated MAM hydroclimate in Australia’s monsoonal north over the past
two and a half centuries. We found that MAM hydroclimate extremes in the region have a strong, but asymmetric
relationship with central Pacific sea surface temperatures (SSTs) and ENSO indices. Extremely wet MAMs in
monsoonal north Australia were associated with cooler SSTs, above average rainfall across much of Australia,
and often coincided with La Nina events. The spatial relationship between dry extremes and Pacific SSTs during
dry events was generally, but weakly, consistent with the SST signature of central Pacific El Nino events. The
association between reconstructed dry extremes in the monsoonal north and dry conditions across the rest of
Australia is also less extensive and weaker than for wet events. Results suggest that more extreme wet events in
the Australian monsoonal north likely reflect cool central Pacific SSTs and later termination of the Australian
monsoon. Consecutive years with extremely dry MAMs became more frequent over the latter part of the 20th
Century while the probability of an extreme dry MAM followed by an extreme wet MAM the next year peaked in
the mid 20th Century and has since declined.

1. Introduction

profound impacts on environments and human societies. Drought can
contribute to the fall of major civilisations (Buckley et al., 2010; Gos-

At the global scale, relatively little is understood about high-
resolution hydroclimate prior to instrumental records (Smerdon and
PAGES Hydro 2k consortium, 2017) and uncertainty about future
hydroclimate is high (Cook, 2019). Yet, variability in hydroclimate has

* Corresponding author.
E-mail address: Kathryn.Allen@unimelb.edu.au (K.J. Allen).

https://doi.org/10.1016/j.gloplacha.2020.103329

warmi et al., 2019) and has been suggested as a factor in the recent
Syrian crisis (Kelley et al., 2015). Multi-year droughts can drive
ecosystem collapse (Godfree et al., 2019) and impose serious constraints
on urban and agricultural water supplies. Pluvial events can drive
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renewal of arid systems or pave the way for the rise of civilisations (e.g.
Pederson et al., 2014), but major flood events can have devastating and
costly consequences (Rojas et al., 2013).

As an important driver of hydroclimatic variability with near-global
impacts, El Nino-Southern Oscillation (ENSO) is associated with wide-
spread disasters such as drought and flood (Lesk et al., 2016) and has
major impacts on tropical hydroclimate in particular. Over the past
decade, there has been much discussion about the difference between
the canonical, or eastern Pacific El Nino (EP) that has a peak signature in
the eastern Pacific in the Southern Hemisphere spring, and the often less
intense central Pacific El Nino (CP) events that exhibit a peak signature
in the central Pacific. While CP El Nino events are less intense and evolve
differently than EP El Nino events (Rensch, 2019; Zhang et al., 2015),
they can still have significant impacts on global and regional precipi-
tation patterns (Larkin and Harrison, 2005; Ashok et al., 2007; Hendon
et al., 2009; Wang and Hendon, 2007; Kug et al., 2009; Zhang et al.,
2015). These impacts and their geographical distribution differ from
those of EP El Nino events. This diversity in ENSO expression contributes
to limited confidence in projections of how ENSO is expected to change
under climate warming scenarios (IPCC, 2019). Generally short (<100
years) instrumental records in tropical regions, asymmetries between
the impacts of La Nina and El Nino events on hydroclimate, and the
influence of different phases of the Interdecadal Pacific Oscillation (IPO;
Power et al., 2006; King et al., 2013), further contribute to the
complexity of the relationship between hydroclimate and ENSO.

Australian rainfall, including monsoonal rainfall occurring from
October to April, is sensitive to the zonal distribution of sea surface
temperature (SST) anomalies and therefore the diversity in ENSO events
(Wang and Hendon, 2007). This sensitivity contributes to the
complexity of climate processes affecting the Australian monsoon and its
predictability (Moise et al., 2015, Taschetto et al., 2009). EP El Nino
events have commonly been linked to spring rainfall deficiencies across
much of eastern Australia (McBride and Nicholls, 1983; Taschetto and
England, 2009 amongst others). In contrast, CP El Nino events are the
leading mode of Australian rainfall in March-May (MAM) with a
geographical footprint focused on the monsoonal north and northwest of
Australia (Taschetto and England, 2009). These CP El Nino events also
tend to lead to a more intense but shorter monsoon (Taschetto et al.,
2009). La Nina events are typically associated with wet conditions and
flooding in eastern and northern Australia (Risbey et al., 2009), and
debate exists over whether or not distinctions between CP and EP La
Nina events exist (e.g. Kug and Ham, 2011).

Scientific interest in the relationship between ENSO and Australian
monsoonal rainfall has predominantly focused on the onset (~October
to December) and core (~November—March) of the monsoon season
(Nicholls et al., 1982; Hendon and Liebman, 1990; Drosdowsky, 1996;
Kajikawa and Wang, 2010 amongst others) rather than the transition
period from the wet to dry seasons (~March-May). High quality rainfall
records for the region reveal that ~30% of annual rainfall (Sep-Aug
water year) typically occurs in MAM, although this can be as high as
50% in some years and locations (updated records available from www.
bom.gov.au). The intensity and timing of the wet-dry transition during
MAM is also highly variable from year to year (Drosdowsky, 1996).
Furthermore, easterly disturbances between April and June can extend
the northern wet season (Southern 1966 in Taylor and Tulloch, 1985).
As elsewhere, the lack of long hydroclimate records in the monsoonal
Australian north hinders our understanding of monsoon dynamics over
longer time frames, including changes in onset and retreat (Moise et al.,
2015; Taschetto and England, 2009; Brown et al., 2016).

Longer records are necessary to better understand both the vari-
ability in monsoon precipitation patterns and their relationship with
major drivers of climate variability such as ENSO. Here we present the
first annually resolved drought reconstruction for the March-May
(MAM) season in monsoonal northern Australia based on a local tree-
ring network of Callitris intratropica (cypress pine). By relying solely
on local proxy records, we avoid incorporating climate variability
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information from other remote locations. A locally sourced record al-
lows for a more locally relevant analysis of potential influences of major
climate modes on hydroclimate. Previous use of remote proxy data was
necessitated by the lack of reliable annually resolved proxy records in
the region. The strong MAM moisture signal in the tree-ring chronolo-
gies (Allen et al.,, 2019; Fig. S1) makes sound physiological sense
because precipitation in SON and MAM is less abundant than for the core
of the wet season, and hence more limiting to growth (Fritts, 1976). This
MAM signal therefore provides an exciting opportunity to assess the
impact of CP ENSO events on the end of the Australian monsoon over the
past two and half centuries in the region, and for a period of the year
when the Indian Ocean Dipole (I0D), another important mode of trop-
ical hydroclimate variability, is typically inactive (Risbey et al., 2009).

2. Materials and methods
2.1. Instrumental data used for the reconstruction

The Standardised Precipitation Evapotranspiration Index (SPEL
Vicente-Serrano et al., 2010) that measures drought and is based both on
soil moisture and temperature was used for this study. It was obtained
from the CRU data portal (CSIC: https://digital.csic.es/handle/10261/
153475); each grid cell covers 0.5 x 0.5°. Allen et al. (2019) demon-
strated that the strongest links between drought indices (SPEI and self-
calibrating Palmer Drought Severity Index; sc-PDSI) and Callitris intra-
tropica ring widths in the monsoonal Australian north occur in the
Austral spring (SON) and autumn (MAM) transitional seasons. This
result holds for each of the chronologies used in this study and is most
consistent for MAM (Fig. S1). Given that the relationship between
drought and the chronologies rapidly decreases over the months of the
‘core’ wet season (Fig. S1), we used the SPEI rather than the sc-PDSI due
to its scalability and the strong autocorrelative structure of the sc-PDSI.
We have reconstructed the 3-month SPEI for MAM because the tree-ring
drought relationship is consistently high for this season (Fig. S1). In all
cases, we used gridded and instrumental data for the 1920-2006 period
only. Although gridded data prior to 1920 does exist for the tropical
north, it is based on relatively few observational records and hence less
reliable.

2.2. The drought reconstructions

We used six tree-ring chronologies, based on seven sites, from the
north Australian monsoon zone in our reconstruction (Fig. 1). Three of
these have been previously published (PC; Baker et al., 2008; KOR and
MUR,; Allen et al., 2019). The remaining chronologies, TIW, MN, LIT and
HAY, were recently developed based on material collected in 2007/08
(Fig. 1; Table 1). The close proximity of TIW and MUR combined with
the former’s low sample depth and the latter’s end date in 1973 meant it
made sense to combine these two data sets to produce a single chro-
nology that was longer and of higher quality than either of the original
two. A negative exponential or negatively sloped linear regression line
was used to detrend data; there was clear evidence of this type of growth
trend in the majority of series. The final chronologies were all developed
in the signal-free framework (Melvin and Briffa, 2008) using a biweight
mean.

A nested point-to-point principal component regression approach
(PPR) was used to produce the reconstructions in this study. The same
approach has been used to develop the various drought atlases based on
the sc-PDSI (e.g. Cook et al., 2010; Palmer et al., 2015). Each successive
nest is longer than the last but uses fewer chronologies. This nested
approach acknowledges that the number of predictor chronologies de-
creases further back in time. Each nest is rescaled against the instru-
mental data after which nests are spliced together to produce the final
reconstruction for each grid cell.

The reconstruction for an individual grid cell made use of informa-
tion from all six final chronologies. We used an eight-weight (0, 0.1,
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Fig. 1. A. Map showing area covered by gridded SPEI3 reconstructions. B-F Reconstruction statistics: Calibration R2 (B), verification period R2 (C); Cross validation
RE (D); verification period RE (E); verification period coefficient of efficiency (F). All grid cells shown in colour have positive values. All reconstructions with VRE >
0 (423 of 1179) were used for the PCA.

Table 1

Location and length of Callitris intratropica sites used in reconstructions.

Chronology  Longitude  Latitude  Period Number of dated series in
chronology

KOR 134.32 —12.65 1761-2015 165

MUR 132.70 -11.5 1845-1973 69

TIWI 130.83 -11.71 1877-2007 21

LIT 130.85 —13.29 1862-2007 57

HAY 131.53 —13.60 1897-2006 22

PC 132.21 —13.61 1847-2006 30

MAN 134.25 —12.05 1870-2007 52

0.25, 0.5, 0.67, 1.0, 1.5, 2) scheme to produce eight different drought
reconstructions for each grid point. Weights were applied to each pre-
dictor chronology based on its correlation with the target grid point SPEI
over the calibration period (1961-2006). Similar weighting regimes
have been used elsewhere (e.g. Cook et al., 2010; Palmer et al., 2015) to
produce a final ensemble reconstruction for each grid point. For each
reconstruction in this study, the predictors and predictands were
autoregressively modeled to ameliorate differences in the autocorrela-
tive structure of the tree ring and climate data sets. The eight resultant
reconstructions for each grid point were then averaged to produce a final
reconstruction for each grid point. This final model for each grid point,
based on the 1961-2006 calibration period, was then tested against
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instrumental data for the period 1920-1960 that was withheld from
model calibration.

We deliberately chose a large area (125-143°E, 10-29°S) for our
reconstructions because this would help identify any distinctive
geographic pattern in the area over which the reconstructions demon-
strated skill. A suite of commonly used calibration (R2 for the calibration
period (CRSQ); cross-validation reduction of error (CVRE)) and verifi-
cation statistics (R2 for the verification period (VRSQ); reduction of
error for the verification period (VRE); coefficient of efficiency for the
verification period (VCE)) across the region help to define the spatial
expanse over which the current collection of sites can be used to detect
the influence of regional drought, and help guide future site selection.
For further detail on these statistics see Cook et al. (1999).

We examined the first PC of the field reconstruction to assess the
common temporal variability of drought, but only for those grid points
with a VRE > 0 (423 grid points of 1179). We did not use the full set of
available reconstructions across the broader area in the PCA because this
would introduce undesirable noise from very low quality re-
constructions into the subsequent analyses. By including only these grid
cells with a VRE > 0, our analyses focus on the Koppen-defined monsoon
zone in Australia (Fig. 1). This first mode of these 423 reconstructions
was used in all subsequent analyses (see Fig. 1 for area this covers).

2.3. Identifying consecutive extremes and swings from one extreme to the
other

Information on changes in the frequency of swings from an extreme
wet (dry) event to an extreme dry (extreme wet) event, and in the
number of consecutive extreme wet (dry) MAMs over the period of our
reconstruction, can provide valuable context for any such changes in
recent decades. Therefore, we examined our reconstruction for both
consecutive wet (dry) extremes and swings between wet and dry
extremes.

We used three sets of thresholds to define increasingly extreme dry
and wet events in both the instrumental data and PC1 of the recon-
struction. This defined three sets of composites. The first and least
extreme (termed ‘moderate’ extremes) of these composites was defined
by the thresholds that identified the upper (UT) and lower (LT) terciles
of SPEI values in the 1920-2006 period for each of the reconstruction
and instrumental data in turn (upper and lower terciles each contained
28 years). Increasingly extreme wet (dry) extremes composites were
defined by thresholds for the upper and lower ten (U10 and L10) events
(i.e. n = 10 in each of these composites). The most extreme event
composites were defined by the thresholds for the upper and lower five
(U5 and L5) events in the 1920-2006 period (n = 5 in these composites).
The thresholds for the reconstruction composites defined in the above
manner were: —1.836, —1.49¢6, —0.390, 0.4306,1.060 and 1.39¢ (from L5
to U5). For the instrumental data, thresholds were: —1.760, —1.410,
—0.410, —0.670,1.260 and 1.67¢ (from L5 to U5).

These thresholds were then applied to the leading mode of the entire
reconstruction to identify moderately extreme, extreme, and very
extreme wet and dry events for the past 246 years. This then allowed us
to estimate the empirical probability of swinging from a wet (dry)
extreme to dry (wet) extreme MAMs using a 30-year sliding window. It
also allowed us to identify multi-year wet or dry MAM extremes based
on a count of consecutive years with events more extreme than each of
the respective thresholds.

2.4. Relationship between drought reconstructions, precipitation and the
Pacific Ocean

The impact of more extreme drought and pluvial events can be sig-
nificant and as climate changes, improved knowledge of how extremes
have changed in the past is increasingly important. As MAM drought/
pluvial conditions in the Australian tropical north have previously been
linked with the Pacific Ocean (Cai and Cowan, 2009; Taschetto and
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England, 2009; Taschetto et al., 2009), we examined the relationships
between extreme hydroclimate events in our MAM SPEI3 reconstruction
over the 1920-2006 period and both Pacific sea surface temperatures
(SSTs) and precipitation. We also undertook the same comparison with
the UT/LT, U10/L10 and U5/L5 composites in the instrumental data.
We used the monthly observed sea surface temperature dataset HadISST
(Rayner et al., 2003; http://www. metoce.gov.uk/hadobs/hadisst/) and
the global, monthly precipitation dataset GPCC Full Data Reanalysis v.7
Version (Becker et al., 2013). We also compared outgoing longwave
radiation with the composites, this provides an independent check on
the results of our comparison of the composites with SSTs. For example,
negative OLR anomalies (more convection) over a region would be
consistent with warm SSTs and wetter conditions. Satellite-based (OLR)
observations used here are based on the NOAA Interpolated OLR dataset
(Liebman and Smith, 1996).

To see if there were discernible links with El Nino or La Nina events,
we also compared the extremes composites (instrumental and recon-
struction) with a number of reference series of El Nino and La Nina
events. Each reference set contains a slightly different list of El Nino and
La Nina events. These reference series included events listed on the
Australian Bureau of Meteorology website (www.bom.gov.au), the
Meyers et al. (2007) compilation, and a recently published list based on
the seasonal evolution of El Nino events (Freund et al., 2019) that dis-
tinguishes between CP and EP events. We did not attempt to distinguish
between CP and EP La Nina events given ongoing debate about whether
or not it is appropriate - or possible - to distinguish between CP and EP La
Ninas (Cai and Cowan, 2009; Kug and Ham, 2011; Zhang et al., 2015;
Song et al., 2017) when cold anomalies during La Nina events are
typically displaced further west than is the case for El Nino (Hendon
et al., 2009).

Bootstrapping procedures were used to assess whether SST and
precipitation anomalies, or the number of El Nino/La Nina events, were
significantly above or below average in the years included in each of the
extremes composites (i.e., UT/LT, U10/L10, U5, L5). In the case of the
SST and precipitation data, all possible samples of the same length
(number of years) as the each of the composites were generated for each
grid point, providing a distribution against which the SST and precipi-
tation anomalies could be tested for significance. For example, average
SSTs/precipitation in UT and LT years were compared with mean SST/
precipitation in all the bootstrapped samples randomly selected from the
1920-2006 period, each sample of which was 28 years in length. Where
average SST or precipitation values for the extremes composite year sets
exceeded 95% of the SST/precipitation bootstrapped averages, the
result was deemed significant. Essentially the same procedure was
applied to the ENSO reference series. In this case, however, the actual
number of El Nino and La Nina events (as defined by the various
reference series) in the UT/LT, U10/L10 and U5/L5 composites were
compared against the bootstrapped distributions of the numbers of El
Nino and La Nina events.

The OLR data series began only in 1948, so no attempt was made to
assess significance of departures from the mean. We simply computed
the anomalies at each grid point for the years in each of the extremes
composites.

3. Results and discussion
3.1. The drought reconstruction

Basic reconstruction calibration and verification statistics show that
the spatial extent of reconstruction skill (VRE, VCE > 0) of this small
network of sites extends from the central west to the most northern part
of the domain where average annual rainfall exceeds 1600 mm (Fig. 1;
VRE, VCE). Both calibration and verification period correlations (CRSQ;
VRSQ) with the SPEI-3 are strongest in the northern part of the domain,
with peak strength of CRSQ occurring in the southwest corner of the Gulf
of Carpentaria (Fig. 1). The pattern of CVRE is similar to that for CRSQ,
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although stronger results are evident for a smaller region around the
southwest corner of the Gulf of Carpentaria. Perhaps unsurprisingly,
strongest verification (VRE, VCE) occurs in the north-northwest of the
domain that is proximate to the tree-ring sites.

The first principal component of the 423 MAM reconstructions with
VRE > 0 accounts for ~84% of the variance. The average CRSQ for these
423 reconstructions used in the PCA was 33.4%. The first principal
component of the reconstructions closely tracks PC1 of the gridded SPEI-
3 data that accounts for only ~54% of the variance (Fig. 2). The
considerably higher level of variance accounted for in the first empirical
orthogonal function of the reconstructions is likely due to reliance of all
reconstructions across the domain on the six geographically clustered
chronologies (Fig. 1). In contrast, the gridded SPEI data does not depend

>
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solely on information in the north-northwestern corner of the domain.
Opposing trends in MAM precipitation and drought intensity in the
monsoonal northwest (increased precipitation) and northeastern
Queensland (decreased precipitation) since the 1980s (Gallant et al.,
2013; Moise et al., 2015) may partly account for these differences in
variance explained by PC1 of the reconstructions and PCl of the
instrumental SPEI data.

A number of multi-year dry and wet periods are evident in the PC1 of
the reconstruction (Fig. 2A). These multi-year wet and dry periods
described in this section are not based on the thresholds for the com-
posites described above. Rather, in this section, we define a multi-year
dry/wet event as one for which all years were at least 0.5¢ below/
above the mean and at least two years were >1c below/above the mean.
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Fig. 2. A. PC1 of ensemble reconstruction (black; ~84% of variance) and PC1 of gridded SPEI data for same region (red; 54% of the variance). Pink bands represent
generally dry periods (a continuous period that includes at least two years more than one standard deviation below the mean and where all years are at least 0.5
standard deviations below the mean) while blue bands represent generally wetter periods (a continuous period that includes at least two years more than one
standard deviation below the mean and where all years are at least 0.5 standard deviations below the mean). The outlined periods show negative (blue) and positive
(red) IPO periods. The 10 lowest and highest reconstructed SPEI values are noted on the plot. Thick lines are 5-year Gaussian smooths. B. Variance of reconstruction
based on 30-year running windows (black) and consecutive non-overlapping 30-year periods (red). C. Wavelet of the reconstruction showing stronger variability
~16 years in the earlier part of the reconstruction but stronger high frequency variability after ~1900. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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The reconstruction suggests that, generally, high SPEI value periods
(wet) occurred for 1801-06, 1818-19, 1834-5, 1871-82, 1894-6 and
1971-7, and low SPEI value periods (dry) occurred for 1765-75,
1807-12, 1837-46 and 1942-52, 1961-2 and 2002-03 (Fig. 2A). The
worst drought year was 1952, towards the end of a relatively dry period.
This year was noted as a record drought year in the Katherine region,
with perennial grasses in native pasture dying across the region (Taylor
and Tulloch, 1985). Interestingly, the pattern of monthly precipitation
for this year (1951-2 was an El Nino year: Bureau of Meteorology) was
consistent with that of many years over the 1870-1985 period (Taylor
and Tulloch, 1985). The single wettest year in the reconstruction was
1820. It was closely followed by 1974, which coincided with the filling
of Kati Thanda-Lake Eyre and major flood events in eastern Australia.
There was a hiatus in very wet events (top 10 in the overall recon-
struction; Fig. 2A) in the first half of the 20th Century during which five
of the top 10 driest events occurred. This period was immediately fol-
lowed by a 25-year period in which four of the top 10 wettest events in
the record occurred. The remaining top 10 dry events occurred over the
65-year period from 1780 to 1845. The largest variance in the recon-
struction occurred in the middle of the 20th Century with less variability
occurring around 1800, in the late 1800s, and again from ~1920-40
(Fig. 2B&C). These dips in variability are consistent with those in Ja-
vanese streamflow (D’Arrigo et al., 2011) and known periods of lower
ENSO variability that have been attributed to changes in the 4-7 year
frequency band (Allan, 2000). Our drought reconstruction, however,
indicates that variability in this band has been strongest since the late
1800s (Fig. 2A, C). In contrast, medium frequency variability (~16-
year) in the reconstruction persists from ~1800 to ~1880 (Fig. 2A) and
is weakest from ~1900-1950 (Fig. 2C). Reduced decadal-scale vari-
ability in the Li et al. (2013) ENSO reconstruction in the 20th Century
and decadal-scale variability in coral records in the late 1800s (Li et al.,
2013) are consistent with our results. Moderate associations with other
reconstructions of Pacific SSTs and hydroclimate reconstructions for the
region are discussed in the Supplementary material (Figs. S2 & S3).

3.2. Consecutive extreme dry/wet MAMs and swings from one extreme
state to the other

Consecutive years of drought or pluvial conditions can have signifi-
cant impacts on the environment and economy, especially in the
Australian tropics where ecological processes are highly dependent on
the annual hydroclimate cycle (Warfe et al., 2011). For example,
consecutive La Nina events that result in wetting replenish water re-
sources, with implications for agricultural enterprises in the region.
Similarly, changes from a very wet (dry) to a very dry (wet) state, can
also have significant impacts on landscapes and environments.

Where rainfall variability is linked to ENSO variability, as it is much
of the tropics, modelling indicates that the risk of major rainfall dis-
ruptions increases (medium confidence) and that more frequent swings
from one extreme ENSO state to the other are expected as the climate
warms (IPCC, 2019). Whereas most EP El Nino events are followed by La
Nina conditions, weak or moderate CP El Nino events are less likely to be
followed by La Nina conditions (Kug et al., 2009) and are more persis-
tent (Allan et al., 2019). The 2014/15 CP El Nino is one example of this;
it was followed by a strong EP El Nino year in 2015/16, resulting in two
consecutive dry years.

Although we can discuss only MAM and not the core of the wet
season or what happens in the dry season, it is still very relevant to
consider consecutive wet (dry) MAMs that are extreme in nature. This is
because particular ecological processes occur in this season, for
example, native bees make sugarbag, MAM is mating season for a variety
of species, burning of the landscape by indigenous peoples occurs at this
time and particular foods become available at this time (e.g. see Indig-
enous weather knowledge at http://www.bom.gov.au/iwk/;Redhead,
1979; Cook and Heerdegen, 2001; Vardon et al., 2001; Woinarski and
Mackey, 2007). Therefore, consideration of changes in the frequency of
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swings from one extreme state to another or the occurrence of consec-
utive dry (wet) MAM extremes over time may assist with understanding
past variability in resource availability and ecological function. Such
understanding has implications for modelling the future impacts of
changes in persistence of wet (dry) MAMs on ecological process.

In what follows we discuss what PC1 of our reconstruction suggests
about consecutive wet (dry) extremes and what it suggests about swings
from one extreme state to the other. We refer to the extremes composites
described in the Methods (i.e., UT/LT, U10/L10, U5/L5).

3.2.1. Consecutive year MAM extremes

There are similar numbers of multi-year (two or more years) wet
(UT) and dry (LT) extreme events that occur throughout the recon-
struction (Fig. 3A). There is, however, a hiatus in reconstructed extremes
that extends from the end of the 1800s until ~1950 that also coincides
with a shorter hiatus in cool SSTs (~1920-1950; Fig. S4). The longest
multi-year wet extremes (UT) are: 1798-1803 (6 years), 1871-1876 (6)
1877-1881 (5), 1953-1956 (4) and 1971-1977 (7). The longest multi-
year dry extremes (LT) in the reconstruction include: 1768-1772 (5),
1807-1812 (6), 1949-1952 (4) and 2001-2004 (4). The first of these
must be regarded with caution due to the low number of samples
included during this period of the reconstruction. There is a tendency for
multi-year wet extremes (UT) to be more persistent than multi-year
extreme dry events (LT), and this is consistent with duration of the
cool and warm phases of ENSO respectively. Overall, there is no obvious
change in the frequency of multi-year wet extremes (UT), although it
does appear that the frequency of multi-year dry extremes (LT) may
have increased (Fig. 3A).

Extreme and very extreme (U10 & U5) multi-year wet events are
more frequent than extreme and very extreme multi-year dry events
(L10 & L5; Fig. 3A). As might be expected, the number of year for which
these more extreme MAM conditions persist is less than is the case for
persistent UT/LT MAMs. There are only two instances of very extreme
wet multi-year events (U5), and none of very extreme (L5) multi-year
dry events.

The approximately equal numbers of multi-year moderately extreme
wet and dry events (UT and LT) does not appear consistent with previous
work. Both Allan et al., 2019(Nino4 reconstruction) and Cook (unpub-
lished Nino3.4 reconstruction) found a greater number of multi-year
cool SST (likely to be wet years) than warm SST events (likely to be
dry events) (Fig. S4). However, the greater number of U10/U5 wet ex-
tremes than L10/L5 (dry) extremes is consistent with both Allan et al.
(2019) and the Cook Nino3.4 reconstruction (Fig. S4).

3.2.2. Swings between wet and dry MAMs

Based on running 30-year periods, the probability of swinging from
one extreme state to another increased for moderately extreme events
(LT to UT in particular) after ~1900 (Fig. 3B). No swings between more
extreme states (U10/L10 and U5/L5) occurred prior to 1897, and the
most extreme swing - an L5 to an U5 event - occurred in 1897-98. The
increased tendency to swing from one moderately extreme state in MAM
to the other (i.e. from UT to LT or LT to UT) in the early to mid 20th
Century (Fig. 3B) is consistent with expectations outlined in the [PCC
(2019). However, the prolonged negative phase of the IPO from ~the
mid 1940s to the mid 1970s may also have played a role in there being a
greater number of swings in the mid 20th Century (cf. King et al., 2013).

Both the decrease in swings from dry to wet events since ~1950 and
the apparent increase in multi-year dry events since this time are
consistent with an observed increase in the number of CP events relative
to the number of EP El Nino events since ~1950 (Freund et al., 2019). If
the apparent trend towards more frequent multi-year dry MAMs con-
tinues (Fig. 3B) - and this trend is indeed unprecedented over long time
frames - it has the potential to impair ecosystem functioning going for-
ward, and have significant implications for indigenous peoples and land
managers who both rely on the environment for subsistence, enterprise
and cultural purposes. Similarly, if IPO phase modulates the frequency
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Fig. 3. A. Length of consecutive wet and dry autumns in the reconstruction based on the six composites (UT/LT, U10/L10, U5, L5). Length of bars represents the
number of successive dry autumns. B. Changes in the probability (transition probability) of swinging from a more extreme wet (dry) event to a more extreme dry (wet
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this article.)

of swings, and perhaps also extended dry (wet) periods, longer high-
resolution records of both hydroclimate variability and ecosystem
changes for the region, ideally for multiple seasons, will be required to
improve our understanding of ecosystem impacts.

3.3. Drought, precipitation and Pacific Ocean sea surface temperatures

A somewhat asymmetrical relationship between the wet and dry
extremes and both SSTs and the ENSO events is apparent in our results.
For extreme wet MAM events in the monsoon zone (UT through to U5),
results are relatively straight-forward: cooler Central Pacific SSTs yiel-
ded more extreme pluvial events across much of Australia (Figs. 4A, G, E,
5). For UT and U10 in particular, the co-occurrence of wet extremes and
El Nino events was lower than expected (in the outlier range of the box
and whisker plots) while the co-occurrence of wet extremes and La Nina
events was significantly greater than expected. This pattern is stronger
for the reconstruction than the instrumentally based SPEI-3 (Fig. 4).
Interestingly, there was little difference in the co-occurrence of CP and
EP El Nino events and extreme wet MAMs, although both were some-
what below the range of what might be expected (Fig. 4). Therefore, our
results in Fig. 4 show very little support for a difference in the impact of
CP and EP El Nino events on the MAM hydroclimate in monsoonal
Australia. This is despite the fact that CP El Nino events are associated
with a markedly shorter, but more intense, monsoon season, making
high rainfall extremes during MAM less likely (Taschetto and England,
2009).

The association between the extremes composites and the La Nina
indices (Fig. 4) are strongly consistent with the association of the wet
extremes composites with significantly cooler Pacific SSTs (Fig. 5;
instrumental, Fig. S5). Typically, the association between wet extremes
(UT, U10, U5) and with cooler SSTs becomes stronger as the wet events
become more extreme (from UT to U5; Fig. 5). Negative OLR anomalies
over northern Australia indicate anomalously high convection, this

being consistent with the reconstructed wetter extremes in the region
that occur at the same time as cool central Pacific SSTs (Fig. 5). The
opposite occurs for dry extremes (Fig. 5). Although the spatial OLR
patterns do not perfectly match those of SSTs across the entire Pacific
Ocean, there is considerable similarity. The different lengths of the
datasets as well as the different methodologies applied respectively to
extract the SST and OLR patterns in relation to the extremes composites
are likely a major reason for the observed differences.

The extent of the association between more extreme MAM pluvial
conditions in the monsoonal north and precipitation over the Australian
mainland also closely resembles the pattern shown by Cai and Cowan
(2009). The spatial extent of significantly above average rainfall in-
creases with increasingly wetter extremes in the monsoonal north and
increasingly cooler Pacific SSTs (Fig. 5). Therefore, more extreme wet
events in our reconstruction (1780, 1788, 1819, 1857, 1887, 1895; see
Fig. 2) are most likely associated with a cool central Pacific and serve as
an indicator for relatively strong La Nina events. Five of these six wet
events coincide with the Freund et al. (2019) cool NCT index. Five
coincide with cool events in both the Li et al. (2013) and Cook Nino3.4
series (data not shown).

The association between SSTs, dry extremes and El Nino events is less
clear, however, demonstrating the asymmetrical nature of the rela-
tionship. There is a tendency for more extreme dry MAMs to co-occur
with El Nino events, and to not occur at the same time as La Nina
events. Although a greater number of dry events occur with CP El Nino
events, when compared against the distribution of bootstrapped samples
for either CP or EP (Fig. 4), it is apparent that this result is not signifi-
cant. Similarly, the association between central Pacific SSTs and extreme
dry events (LT, L10, L5) is less pronounced than for wet events (UT, U10,
U5), with the strongest associations in the Coral Sea to the east of the
Australian mainland (L5; Fig. 5; S5). Nevertheless, the actual spatial
pattern of association with SSTs is strongly reminiscent of CP El Nino
(Fig. 5; Ashok et al., 2007). The spatial pattern of reduced rainfall across
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Fig. 4. Box plots comparing the co-occurrence of extremes in the various composites (UT/LT, U10/L10, U5/L5) and El Nino/La Nina events in various indices against
that for the bootstrapped distributions. The various ENSO indices are listed along the x-axis. EN refers to El Nino and LN to La Nina. BOM refers to online data from
the Australian Bureau of Meteorology (http://www.bom.gov.au/climate/enso/enlist/); Mey is the Meyers et al. (2007) classification; the CP and EP lists were
developed by Freund et al. (2019); and CPEP refers to the combined list of CP and EP events by Freund et al. (2019). Red dots represent reconstructed data and green
dots, the instrumentally based SPEI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the Australian continent for the more extreme dry events (LT, L10 and
L5) in the north is also consistent with the impact of CP El Nino events on
MAM precipitation in northern and northwestern Australia as shown for
instrumental data (Taschetto and England, 2009). In contrast to wet
extremes, though, the area of significantly below average precipitation
shrinks to include only the Australian monsoonal north as the drought
becomes more extreme (Fig. 5).

That dry events appear more complex than wet events is perhaps not
surprising due to the known asymmetrical relationship between the
state of the Pacific Ocean and Australian rainfall (Power et al., 2006;
King et al., 2013) whereby the magnitude of La Nina events has a greater
impact than the magnitude of El Nino events. Our results for dry ex-
tremes may also reflect the influence of other factors, such as modula-
tion by the Madden-Julian Oscillation (Ghelani et al., 2017). We have
not differentiated between EP and CP La Nina events here, but Cai and

Cowan (2009) have noted that the five wettest MAMSs since 1951 all
coincide with a negative El Nino Modoki Index (EMI) while only one of
the five driest MAMs coincides with a positive EMI. Although our results
appear to contradict some previous work suggesting that Pacific SSTs do
not affect hydroclimate in MAM in the monsoonal north, this difference
could be attributable to the use of different definitions of the wet, dry
and transition seasons amongst studies (e.g. Cook and Heerdegen, 2001;
Drosdowsky, 1996; Evans et al., 2014).

3.4. Predictability

At the local level, MAM in monsoonal north Australia is a key period
both for indigenous peoples and ecological processes (Warfe et al., 2011
and references therein; www.bom.gov.au/iwk/), and it is also relevant
for agricultural enterprises (Yeates and Abrecht, 1996). Although the
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Fig. 5. Association between each of the extremes composites with Pacific SSTs and precipitation (land-only). Areas outlined in yellow had significantly higher/lower
SSTs for years in the respective composites than 95% of the bootstrapped samples. Land areas with yellow dots indicate grid locations where precipitation for years
the respective composites were significantly higher or lower than average, again based on the bootstrapped samples. Solid black contours indicate greater convection
(negative OLR anomalies); dotted lines show areas of less convection (positive OLR anomalies). Anomaly intervals are +/—5 Wm? and +/—10 Wm?. OLR patterns are
consistent with those shown for SSTs, with positive OLR anomalies occurring over northern Australia during dry periods. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

strongest association between our reconstruction and each of SSTs and
precipitation occur for MAM, this association — especially for more
extreme wet events - becomes established during the prior spring and
summer months (Fig. S6). Hendon et al. (2009) have previously com-
mented on the ability to predict a CP El Nino event (for the summer
season) one season in advance, potentially enhancing hydroclimate
predictability in northern Australia. Similarly, Zhang et al. (2016) found
that atmospheric and ocean conditions in the spring and early summer
provide some predictive skill for dry season precipitation in Indonesia,
especially for strong events. MAM precipitation across the maritime
continent is also strongly associated with ENSO (Zhang et al., 2016),
again highlighting the value of MAM hydroclimate reconstructions.

Corroborating evidence for our finding that extreme wet events in
our reconstruction are likely associated with La Nina events would
provide further evidence that the paleoclimate data provide a useful
extension of the record of Pacific SST conditions. This would support
incorporation of the data into modelling predictability of extended wet
seasons in northern Australia. Persistence of dry conditions (Fig. 3A)
may also provide evidence for CP El Nino conditions, while an increased
frequency in swings from dry to wet conditions (Fig. 3B) may suggest a
predominance of EP El Nino events. However, further work would be
required before any use of our suggestive - but far from definitive - re-
sults were to be made. One avenue for further work in this area may be
to make use of a new index recently developed by Williams and Patricola
(2018) that succinctly characterises ENSO flavours based on the longi-
tude of deep convection.

3.5. Improving the drought signal of the reconstructions

While our findings are significant in themselves, a much-extended
network of C. intratropica will likely strengthen inference that can be
derived from a spatial drought reconstruction in the tropics. An exam-
ination of the variously weighted reconstructions indicates that nests
with a higher number of chronologies produced stronger statistics,
especially for the verification period (Fig. S7). This indicates that more
sites in the region are likely to improve reconstruction quality. O'Don-
nell et al. (2018) also found that the areal extent of the relationships
between drought (as measured by the sc-PDSI in that case) and single
sites of Callitris columellaris in the Pilbara and southwestern Western
Australia was spatially limited. Additional sites further east may also

offer a longer-term perspective on seasonal differences between the
monsoonal northwest and northeast of Australia (Moise et al., 2015).
Although we focused our drought reconstruction on the MAM season,
robust reconstructions of other hydroclimate variables such as rainfall or
streamflow for other seasons such as SON may provide vital and com-
plementary information.

4. Conclusions

There is only medium confidence in projections of ENSO and its
impacts under climate warming (IPCC, 2019). Additionally, despite the
importance of the end of the wet season (MAM), much greater attention
has been paid to reasons for the variability in monsoon onset, long
known to be associated with ENSO. Our drought reconstructions provide
the first high-resolution extension (~150 years) of climate information
regarding MAM in monsoonal Australia. The primary mode of the
reconstruction demonstrates a clear connection with central Pacific SSTs
and a broader relationship with MAM precipitation over much of the
Australian mainland. The asymmetry in the relationship between
hydroclimate in the monsoonal north and Pacific SSTs is consistent with
previous instrumental-based studies: while increasingly extreme wet
events are associated with increasingly cooler SSTs, dry extremes are
more complex and likely also influenced by other factors. Nevertheless,
the MAM precipitation signal across Australia, as well as the pattern of
association with Pacific SSTs is highly suggestive of a CP El Nino in-
fluence. Swings from moderately extreme MAM wet events (UT) to
moderately extreme dry MAM events (LT) increased in the early to mid
20th Century; but decreased towards the end of the century. This, and
the apparent tendency towards more prolonged dry states when dry
states do occur are consistent with expectations. These findings
demonstrate the value of reconstructions of MAM hydroclimate in the
monsoon zone, pointing to the importance of enriching the network of
high-resolution palaeo-records for this region.
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