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Abstract

Droughts are a natural occurrence in many small Pacific Islands and can have severe
impacts on local populations and environments. The El Nifio-Southern Oscillation (ENSO)
is a well-known driver of drought in the South Pacific, but our understanding of extreme
ENSO events and their influence on island hydroclimate is limited by the short instrumen-
tal record and the infrequency of ENSO extremes. To address this gap, we developed the
South Pacific Drought Atlas (SPaDA), a multi-proxy, spatially resolved reconstruction of
the November—April Standardised Precipitation Evapotranspiration Index for the southwest
Pacific islands. The reconstruction covers the period from 1640 to 1998 CE and is based on
nested principal components regression. It replicates historical droughts linked to ENSO
events with global influence, compares well to previously published ENSO reconstruc-
tions, and is independently verified against fossil coral records from the Pacific. To iden-
tify anomalous hydroclimatic states in the SPaDA that may indicate the occurrence of an
extreme event, we used an Isolation Forest, an unsupervised machine learning algorithm.
Extreme El Nifio events characterised by very strong southwest Pacific drought anomalies
and a zonal SPCZ orientation are shown to have occurred throughout the reconstruction
interval, providing a valuable baseline to compare to climate model projections. By iden-
tifying the spatial patterns of drought resulting from extreme events, we can better under-
stand the impacts these events may have on individual Pacific Islands in the future.
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1 Introduction

South Pacific Island countries are highly vulnerable to extreme events such as droughts,
which impact water availability, food security, public health, and economic activity
(Annamalai et al. 2015; Iese et al. 2021). While extreme events are a natural occurrence
over much of the South Pacific, due to the influence of the El Nifio-Southern Oscillation
(ENSO), the small size and remote location of many Pacific islands provide limited oppor-
tunities to buffer the impacts of climate extremes (Johnson et al. 2021).

The spatial distribution of precipitation—and drought—over the South Pacific is mostly
controlled by the position and movement of two large bands of low atmospheric pres-
sure, the Intertropical Convergence Zone (ITCZ) and the South Pacific Convergence Zone
(SPCZ). Shifts in the mean position of these convergence zones, modulated by interan-
nual fluctuations in ENSO and longer-term variability from the Interdecadal Pacific Oscil-
lation (IPO), strongly influence moisture availability across the region (Ludert et al. 2018;
McGree et al. 2016; Power et al. 1999). An equatorward movement of the convergence
zones during El Nifio events and positive phases of the IPO increases the likelihood of
drought in the southwestern Pacific. Conversely, during La Nifia events and negative IPO
phases, the SPCZ and ITCZ move away from the equator, making drought conditions more
likely for the more peripheral islands lying at the northeast end of the South Pacific region
(McGree et al. 2016; van der Wiel et al. 2016). The extreme shifts in the position and
intensity of the ITCZ and SPCZ during strong ENSO events can have devastating impacts
across the region and globally (Rifai et al. 2019).

Despite a substantial body of research into the climate drivers affecting South Pacific
drought (Capotondi et al. 2015; McPhaden et al. 2006), the quantification and attribution
of historical drought trends and variability remains a research gap due to limited data avail-
ability (Iese et al. 2021). Climate records for the Pacific region are generally sparse, with
robust meteorological records only available from the 1950s for many islands (Lorrey et al.
2012). The instrumental record is thus too short to assess past trends and variability in
droughts across the region. Our understanding of extreme ENSO events and their impact
on Pacific Island drought is further limited by their infrequency, with only five events
occurring during the satellite era (Santoso et al. 2017). Climate models suggest both the
frequency and intensity of ENSO events have increased in the industrial age (Power et al.
2017), and extreme ENSO events are projected to increase in frequency with global warm-
ing (Cai et al. 2012, 2014). Projected climate change impacts mean that droughts will be an
issue of increased concern for the Pacific Islands in the future (Iese et al. 2021).

Documentary records have greatly enhanced our understanding of drought occurrence
prior to the instrumental period and are the best source for information on the effects of
drought on societies (Brizdil et al. 2018). Substantial research effort has been expended to
identify and digitise documentary climate information for the Pacific Islands. D’Aubert and
Nunn (2012) collated the most extensive record of historical drought in the Pacific to date,
covering the period 1722-1987. However, it is not a complete record, because drought
information is challenging to identify in historical documents and records are unevenly dis-
tributed over the different island groups and through time (D’Aubert & Nunn, 2012).

Another data source capable of providing spatially resolved drought records at high
temporal resolution are paleoclimate proxies (Brazdil et al. 2018). There is a long history
of utilising moisture-sensitive tree rings to develop records of growing season drought in
many parts of the world. The compilations of such records to cover spatial areas are com-
monly referred to as ‘drought atlases’ (Cook et al. 1999, 2010a; Morales et al. 2020; Stahle
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et al. 2016). Multi-proxy drought atlases, which integrate tree rings with other proxy data-
sets such as corals (Palmer et al. 2015) or documentary records (Cook et al. 2015), leverage
the benefits of multiple proxies to provide a more complete picture of past hydro-climato-
logical change.

In this study, we present the first spatially resolved, multi-proxy drought atlas recon-
struction for the South Pacific islands. This new reconstruction, the South Pacific Drought
Atlas (SPaDA), utilises tropical coral records from the centre of ENSO action along with
tree ring records to reconstruct drought over the last 350 years. The reconstruction is veri-
fied against existing paleoclimate reconstructions from the region and then used to docu-
ment the spatial extent and severity of extreme droughts previously identified in documen-
tary records. The SPaDA provides an extended, continuous dataset of climate information,
which can be used to explore the occurrence of extreme events in the pre-instrumental
period. To demonstrate the value of the SPaDA, we show how anomalous drought patterns
can be used to help identify past ENSO extremes both in time and in space, providing a
multi-centennial context for their occurrence.

2 Data and methods
2.1 Climate data

The reconstruction target was the Standardised Precipitation Evapotranspiration Index
(SPEI,; (Vicente-Serrano et al. 2010)), a water-balance-based drought index previously
used in paleo-drought reconstructions (Seftigen et al. 2015; Tejedor et al. 2017). The SPEI
was selected as the drought index because it is easy to compute, has minimal input data
requirements, and is a multi-scalar index, which prevents bias towards the wet season in
regions with strong wet/dry seasonality like the Pacific (Romero et al. 2020). To calculate
SPEI, monthly values of precipitation minus potential evapotranspiration are calculated
and summed over the timescale of interest. SPEI is then obtained by fitting a log-logistic
probability distribution function to the series and transforming it to a standardised nor-
mal distribution with reference to a baseline period (Begueria et al. 2014; Vicente-Ser-
rano et al. 2010). The potential evapotranspiration component of the SPEI was calculated
according to the method of Thornthwaite (1948), which only requires monthly precipita-
tion and temperature. More complex methods for estimating evapotranspiration are unsuit-
able for a South Pacific—wide study as most stations lack data for additional meteorologi-
cal parameters. The Thornthwaite method therefore provides a consistent approach for the
entire region.

Monthly precipitation and temperature data for Pacific Island meteorological stations
were sourced from the Climatic Research Unit (University of East Anglia) and Met Office
CRU TS version 4.04 database (Harris et al. 2020). Data for islands not included in the
CRU TS v4.04 database (Willis Is., Norfolk Is., Raoul Is., Pitcairn Is., and Nauru) was
sourced from the relevant meteorological agencies. A long baseline period (i.e. more than
30 and ideally more than 50 years) that captures natural variability is required to calcu-
late SPEI (Vicente-Serrano et al. 2010). Data availability for Pacific Islands varies through
time, with the number of stations increasing rapidly following World War Two but decreas-
ing after 1990 (Figure S1). The baseline period, 1960-1990, was selected to maximise both
the number of stations with data and their geographical coverage. Gauges with less than
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30 years of data (e.g. Honiara, Solomon Islands) were excluded from the study (Figure S1).
Thus, the SPaDA does not extend to cover all South Pacific Island nations.

Rather than computing SPEI directly from gauge data, the grid points associated with
the gauge stations were extracted from the CRU TS v4.04 gridded precipitation and tem-
perature datasets. Using the gridded data takes advantage of the CRU methodology (see
Harris et al. 2020) to fill short data gaps (one to several months). We did not extend the
reconstruction domain to islands with CRU grid points but without meteorological station
data over the baseline period due to data quality issues.

2.2 Proxy network

Most of the high-resolution proxy records located in the southwest Pacific are from corals.
Six Pacific Ocean coral records and one coral luminesce chronology from the Great Barrier
Reef (Fig. 1, Table S1) which have the first year of record before 1800 CE and are continu-
ous until or after 1998 CE were selected from the PAGES OCEAN2K database (Lough
et al. 2015; Tierney et al. 2015). One annually dated speleothem record from Vanuatu was
also included in the predictor pool (Partin et al. 2013). Monthly resolution coral records
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Fig. 1 a Locations of all proxy records included in one or more reconstructions, and b the grid point recon-
struction targets for each island group
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were seasonally averaged, while composite records (i.e. derived from multiple cores) were
annually averaged.

Due to the small number of suitable in situ records, additional terrestrial proxies were
selected from regions with strong teleconnections to the South Pacific. Tree-ring chronolo-
gies were selected from locations bordering the South Pacific rim with strong ENSO tel-
econnections. Approximately 670 chronologies previously used in the development of the
Monsoon Asia Drought Atlas (Cook et al. 2010a, b), Eastern Australia and New Zealand
Drought Atlas (Palmer et al. 2015), Mexican Drought Atlas (Stahle et al. 2016), and South
American Drought Atlas (Morales et al. 2020) were downloaded from the International
Tree-Ring Data Bank. The raw wood properties were standardised (i.e. detrended and
transformed into dimensionless growth indices) using methods that preserve medium-term
(multi-decadal) variability, including the ‘signal-free’ method (Wilson et al. 2019).

2.3 Reconstruction method

As this study targets ENSO-related droughts, we reconstructed the 6-month SPEI for the
Southwest Pacific wet (November—April) season. Consistent with previously published
drought atlases, SPEI was reconstructed using point-by-point regression (Cook et al. 2010a,
1999, 2007), a nested, principal components-based regression method. Using this method,
regressive models are sequentially applied to the principal components (PCs) of the proxy
network during a common calibration period between the predictors (proxies) and the pre-
dictands (SPEI data points). Only proxies with a significant relationship (p <0.1; Spear-
man, Pearson, and robust Pearson) with the target data point were included in the predictor
pool (Fig. 1, Figure S2). Each successive group of chronologies (nest) includes fewer chro-
nologies but extends further back in time and is individually calibrated and verified against
the instrumental data. We excluded any nest (and preceding nests) with a correlation of less
than 0.4 with the most recent, best-replicated nest. The variance of the final reconstruction
was stabilised using a 300-year spline to correct variance effects related to decreasing sam-
ple size back in time (Esper et al. 2002; Frank et al. 2006; Osborn et al. 1997).

In contrast to previous studies, a consistent calibration interval was not used for all
SPEI data points. The last year of the calibration period was limited to 1998, a constraint
imposed by the end date of many tree-ring chronologies. Based on climate data availabil-
ity, the initial calibration year was then selected on an island group basis to maximise the
calibration interval length. Between 38 and 57 years were used for calibration (Table S2).
The available data for most island groups is too short to undertake split-period calibration
and verification, which is the standard for dendrochronological reconstructions. Therefore,
the reconstructions were primarily validated using a leave-one-out cross-validation proce-
dure (Morales et al. 2020), using the cross-validation reduction of error (Meko 1997) as
the validation statistic. A reconstruction point was considered valid with CVRE > 0.2. The
CVRE is a relatively easy calibration target to pass and selecting predictors using correla-
tion to the instrumental data may lead to an inflation of this statistic. Therefore, independ-
ent verification was undertaken for those stations with a sufficiently long data record, and
the more stringent verification statistics, reduction of error (VRE), and coefficient of effi-
ciency (VCE) were calculated.

To further verify the reconstruction results, we compared the SPaDA to previously pub-
lished paleoclimate reconstructions of South Pacific climate variability (Table S3), which
target ENSO indices derived from sea surface temperatures (SSTs). As all paleo-recon-
structions contain large uncertainties, multiple comparisons were made to develop the best
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possible picture of SST anomalies. Each of the ENSO reconstructions uses a different suite
of proxy records, different reconstruction methods and seasonal targets, and has been rigor-
ously calibrated and verified. There are, however, varying degrees of overlap in the proxy
suite between the SPaDA and each of the reconstructions, so some similarity is expected.

2.4 Identifying extreme events

Extreme ENSO events are infrequent and cause abnormal drought patterns over the Pacific
Islands, making them suitable targets for anomaly detection. To identify extreme events in
the reconstruction, we used an ‘Isolation Forest’, an unsupervised machine learning algo-
rithm that isolates outliers based on their anomalous characteristics (Liu et al. 2008). The
algorithm has been successfully applied to detect anomalous patterns in published drought
atlases (Marvel & Cook 2022). In an Isolation Forest, features are split along branches of
a decision tree until each data point is isolated. More feature splits (branches) are required
to isolate ‘normal’ data points compared to anomalous data points, providing the basis for
anomaly detection. The results are quite sensitive to the user-defined ‘contamination fac-
tor’, which is the expected proportion of outliers in the training data set. We selected a con-
tamination factor of 0.08, the best estimate of the proportion of extreme ENSO events since
1875 (see Text S1). The sensitivity of the analysis to this parameter is discussed in Text S2.

We only trained the algorithm over the instrumental period, when SST data is available
to estimate the occurrence of extremes, because there is no reason to assume that the rate
of occurrence (and thus the contamination factor) is stable through time. We then applied
the trained model to the pre-1875 period. To account for uncertainty in the reconstructed
SPEI on anomaly detection, 300 maximum entropy bootstrap replications (Vinod & Lépez-
de-Lacalle 2009) of reconstructed SPEI at each grid point were used to independently train
the isolation forest on the post-1875 data and detect anomalies in the pre-1875 data. The
hit rate of each anomalous year was then used as an estimate of the probability, with only
those years with a greater than 0.5 hit rate designated as anomalous.

3 Reconstruction results
3.1 Calibration and validation

The fraction of instrumental variance explained is above 39% for all 102 grid points, above
50% for 91 grid points, and above 70% for 44 grid points. The reconstruction explains the
most variance in SPEI for Kiribati and Tonga, and the least variance in SPEI for Norfolk
Island, New Caledonia, and Tuvalu (Figure S3). Using the CVRE threshold of 0.2, the
reconstruction extends back to 1410 CE for all grid points. Verification statistics for individ-
ual island grid points with suitable long-term records show that the model has reconstruc-
tion skill at 12 of the 13 gauges, as indicated by VRE and VCE values greater than O in the
last, best-replicated nest (Table S4). Moving back in time, the reconstruction is considered
valid for all nests with VRE and VCE greater than 0. The reconstruction period varies con-
siderably across the verification points, with the first year of validity ranging between 0 and
1640 CE (Table S4). We therefore conservatively limit analysis to the period 1640-1998
CE. While uncertainty increases back in time across the entire domain, for some island
groups the SPEI reconstruction is valid for several centuries prior to 1640 CE.
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3.2 Drought anomalies during instrumental ENSO events

The spatial pattern of alternating wet/dry conditions between the western and eastern
Pacific Islands is accurately captured by the SPaDA (Figure S4), with a large proportion
of grid points severely dry (SPEI< —1) and severely wet (SPEI>1) in the same year.
The wavelet spectra (Torrence & Compo 1998) for the first principal component (PC1),
which explains 56% of reconstruction variance, shows power concentrated in the ENSO
band (2-8 years). Multi-taper method (MTM) spectral analysis (Mann & Lees 1996) indi-
cates that the peak at 3—4 years is significant at the 99% level. The correlation between
PC1 and the December-February Nifio-34 index over the 1875-1998 CE period is—0.80
(»<0.001). The second PC (PC2) explains~7% of instrumental variance and shows sig-
nificant power in the ENSO and decadal to multi-decadal frequency range. MTM analy-
sis (Figure S5) identified a significant peak at~24 years (99% level). Variability on multi-
decadal timescales is expected in the reconstruction as the IPO influences drought in the
Pacific Islands by shifting the mean position of the SPCZ (McGree et al. 2016).

We tested the ability of the SPaDA to reconstruct the Pacific Island drought response
to warm and cold ENSO events using composite analysis. Figure 2 compares the aver-
age anomalies in the instrumental and reconstructed SPEI during the El Nifio and La Nifia
events that occurred during the data period—1950-2000 CE for instrumental SPEI, and
1875-1998 CE for reconstructed SPEI. Two extreme event years falling within the cali-
bration (i.e. overlapping) period, the 1997/1998 El Nifio and 1988/1989 La Nifia, are also
compared. Reconstructed drought conditions in the SPaDA capture both the magnitude and
spatial pattern of instrumental SPEI during both warm and cold ENSO events. The SPaDA
also replicates the selected calibration period extreme events, although SPEI anomalies are
somewhat underestimated for the strong La Nifia in 1988/1989.

Any changes in the SPaDA-SST relationship could indicate non-stationary telecon-
nections between the South Pacific and the predictor regions, which would affect conclu-
sions drawn from the SPaDA results. The stability of the relationship between drought in
the SPaDA and SSTs was tested by calculating the 50-year running Pearson correlation
between the PC1 of the reconstruction and the Nifio-34 index (Fig. 2(i)). The relationship
is stationary, as indicated by correlations remaining within the 95% confidence interval
calculated from 1000 synthetic reconstructions with the same statistical characteristics as
the SPaDA (Gallant et al. 2013). However, the relationship with Nifio-34 is not stable for
all grid points, e.g. Northern Vanuatu (Figure S6). This is most likely due to weaker recon-
struction validity at these grid points rather than a genuine change in the strength of the
relationship.

3.3 Comparison to other reconstructions

As ENSO is the primary mode of climatic variability influencing Pacific Island drought on
interannual time scales, PC1 of the SPaDA is primarily an ENSO signal. We can therefore
test the validity of the SPaDA by comparing PC1 to previously published ENSO reconstruc-
tions (Table S3). The running 50-year Pearson correlations between PC1 and five ENSO
reconstructions over the common reconstruction interval are shown in Fig. 3. There is a
high degree of fidelity between the results of this study and the tree-ring and multi-proxy
ENSO reconstructions (Fig. 3(a)). Despite the overlap in predictor sets (notably the SPaDA
and LI13 and the SPaDA and Z22m), the strength and stability of the correlations are quite
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1989/1990. i 50-year running Pearson correlation between SPaDA PC1 and the December-February Nifio-
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remarkable considering the SPaDA is a spatially resolved drought reconstruction calibrated
only to post-1940 data. We observe no fading in the correlation strength before the SPaDA
calibration period, and only minor fading prior to the calibration period of the other recon-
structions. In contrast, PC1 and Z22c lose fidelity before 1850, with non-significant correla-
tions during much of the first half of the common reconstruction interval (Fig. 3(b)).
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While coral proxies are located close to the geographical centre of ENSO action and are
therefore the best recorders of direct ENSO (SST) impacts, they have several disadvantages
including short length, discontinuities, and dating uncertainty, which is non-trivial for fos-
sil coral records (DeLong et al. 2013; Zhu et al. 2022). The longest and most complete
coral ENSO record published to date is located at Palmyra atoll, covering 535 of the past
1000 years in one modern and two fossil coral segments (Cobb et al. 2003). Li et al. (2013)
found significant correlations between their tree-ring-based ENSO reconstruction and the
Palmyra fossil record by adjusting the coral Uranium/Thorium dates within the analyti-
cal error windows. Making the same adjustment to the Palmyra fossil segment dates, we
also find significant correlations between SPaDA PC1 and the Palmyra record over the last
350 years (Fig. 3(c)). As the SPaDA and the Palmyra record are entirely independent, the
fidelity with this record provides substantial confidence in the robustness of the SPaDA
over the reconstruction period. The coral-based reconstruction Z22c¢ (Fig. 3(b)) is highly
correlated to both the modern and fossil portions of the Palmyra record (Pearson correla-
tion> —0.90) and has little interannual variance during periods when Palmyra observa-
tions are unavailable (Zhu et al. 2022). The low variance in Z22c in the period when the
Palmyra record is unavailable and dating uncertainty in the fossil portion of the Palmyra
record could thus explain the loss of correlation between Z22¢ and the SPaDA in the early
part of the common reconstruction interval.
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3.4 Reconstructed SPEI during historical drought events

Figure 4 shows reconstructed SPEI for four historical drought events. The ‘Year of Hunger’
was a series of droughts and unseasonable frosts which occurred over 1785-1787 in Mex-
ico, resulting in famine and the estimated deaths of 300,000 people (Therrell 2005). Tree-
ring reconstructions have shown that the drought pattern in central America was consistent
with the influence of La Niifia (Therrell 2005). Reconstructed SPEI shows dry conditions
over the eastern and equatorial Pacific, and wet conditions in the southwest Pacific, consist-
ent with La Nifia conditions during this period (Fig. 4(a)).

Historical records (Russell 1877) describe a severe drought experienced by European
colonialists within 2 years of arriving in Sydney, Australia. Tree-ring reconstructions indi-
cate that drought conditions were experienced across eastern Australia during the ‘Set-
tlement Drought’ of 1791-1795, with the most extreme soil moisture deficits occurring
in the summer of 1791/1792 (Palmer et al. 2015). Simultaneously, drought and famine
occurred over much of India and the Caribbean (Grove 2007). Paleoclimate records sug-
gest the Australian Settlement Drought was associated with an unusually strong El Nifio
(Gergis & Fowler 2009). No documentary evidence is available to confirm whether this
event also caused anomalous rainfall over the Pacific Islands; however, SPEI anomalies
during 1791/1792 are amongst the highest during the reconstruction period. Based on the
SPaDA reconstruction, an extreme drought occurred over much of the Southwest Pacific,
with extreme wet conditions across the Equatorial Pacific (Fig. 4(b)).

Stalagmite isotopes from Espiritu Santo, Vanuatu, indicate an unusually dry year in
1866+ 3 years (Partin et al. 2013). A drought occurring around 1866 or 1867 was also
recorded in the diary of John G. Paton, who was a missionary on Aniwa, 500 km to the
south (Paton 1893). The SPaDA shows localised drought conditions in the southernmost
Vanuatu grid point during 1865/1866 (Fig. 4(c)). While nearby New Caledonia and Fiji
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(1877-1878)
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show only moderately dry conditions, SPEI anomalies indicate severe drought in the pre-
ceding year (Figure S7). The SPaDA suggests that the Vanuatu drought began in the sum-
mer of 1864/1865, persisted over 1865, and weakened in the autumn of 1866.

The Great Drought (1876-1878) was a concurrent period of multiyear droughts across
Monsoon Asia, Brazil, Africa, and the Pacific. Widespread crop failures resulted in the
‘Global Famine’, with estimated fatalities exceeding 50 million people (Singh et al. 2018).
In New Caledonia, a disastrous drought at the end of 1877 exacerbated tensions between
the Melanesian Kanak peoples and the French colonial regime, with thousands of Kanak
casualties (Davis, 2002). The yam crop in Fiji and the taro crop in Vanuatu—both sta-
ples—failed due to a lack of rainfall. In contrast, torrential rain damaged crops in Kiribati
leading to starvation deaths on the Gilbert Group islands (D’Aubert & Nunn, 2012). The
Great Drought is attributed to an El Nifio of extreme strength and duration coinciding
with a record positive Indian Ocean Dipole event (Singh et al. 2018). The SPaDA shows
anomalously dry conditions over much of the southwest Pacific from 1877 to 1878, with
extreme drought occurring in Fiji, Niue, Tonga, and the Cook Islands and unusual wet
conditions in Kiribati, the Line Islands, and parts of French Polynesia (Fig. 4(d)).

The selected historical cases demonstrate that the SPaDA provides reliable spatiotempo-
ral information on drought events outside of the instrumental period. Identifying droughts
in the SPaDA for which significant documentary or other non-tree ring evidence is avail-
able (i.e. the Australian Settlement Drought, the Great Drought) greatly increases the
confidence in the results. It is also promising that the SPaDA appears to capture localised
drought events, which may be related to climate patterns other than ENSO. Verification
against independent records shows that the SPaDA has the potential to contribute to our
knowledge of climate extremes in the South Pacific.

4 Analysis and discussion
4.1 Identification of extreme events

Anomalous hydroclimatic states in the SPaDA were identified using an Isolation Forest
algorithm, with a contamination factor of 0.08, the best available estimate of the occur-
rence of extreme La Nifla and El Niflo events since 1875. Figure 5 shows the 32 outliers
identified as anomalous in > 50% of bootstrap replications, 18 of which show El Nifio-like
drought patterns and 14 La Nifia—like drought patterns. These years are highlighted as
circles on the SPaDA PCl, scaled to match the instrumental Nifio-34 index. All but one
of the outliers are classified as strong ENSO events, defined by values above or below
1.5 standard deviations from the PC1 mean. The remaining anomalous year (1983) lies
very close to the threshold. Thus, the Isolation Forest identifies years with unusually large
SPEI values consistent with enhanced SST anomalies and not patterns associated with
more localised drought features. The algorithm cannot attribute spatial anomalies to spe-
cific internal variability or external forcing modes. We therefore classified the anomalous
states as ‘El Niflo—like drought’ or ‘La Nifia—like drought’ based on their similarity to
the standard patterns of drought over the South Pacific during ENSO phases. Despite
this, spatial drought patterns consistent with instrumental ENSO events and appearing as
points over the 1.5 standard deviation threshold of PC1 values strongly suggest that a sig-
nificant ENSO event occurred.
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Fig.5 SPaDA PCl scaled to the instrumental Nifio-34 index with the 18 El Nifio-like drought (orange cir-
cles) and 14 La Nifia—like drought anomalies (blue circles). Dashed horizontal lines indicate + 1.5 standard
deviation threshold for strong ENSO events. The percentage of MEboot replications of reconstructed SPEI
in which an anomalous state was identified (orange and blue bars, top panel) provides an estimate of the
impact of reconstruction uncertainty on the results. Grey bars show years identified as anomalous in less
than 50% of replications using a contamination factor of 0.08 (top panel)

4.2 Reconstructed SPEI during anomalous years

Six of the seven La Nifia—like drought years identified since 1875, the period when SST obser-
vations are available, correspond to La Nifia events (Figure S8). None of the three largest
La Nifia-like drought outliers occurred in the twentieth century; the most anomalous spatial
drought pattern is 1880, followed by 1653, which shows the most extreme PC1 values, and
1685. The SPaDA results suggest that in previous centuries, drought episodes resulting from
La Nifia events have exceeded the magnitude of the instrumental period events. However, for
La Nifia—like drought events, anomaly detection provides little additional information beyond
a simple threshold applied to the SPaDA PC1. The amplitude of PC1 negative anomalies (our
proxy for the Nifio-34 index) is thus sufficient to describe the strength of the La Nifa-like
drought outlier events. This is consistent with studies based on instrumental datasets, which
find a single SST index is adequate to measure the strength of La Nifia events (Cai et al. 2015).

Figure 6 shows SPEI for the 18 El Nifio—like anomalous years. Eight of the nine outliers
identified since 1875 correspond to El Nifio events. Both the Australian Settlement Drought
(1792) and the Great Drought (1878), droughts with documentary evidence that suggests
global impact, are identified as years of unusual hydroclimatic activity. For El Nifio-like
drought outliers, the Isolation Forest identifies anomalous characteristics in drought pat-
terns beyond just the magnitude of the SPEI anomalies. The largest El Nifio—like drought
outlier is 1997/1998, although the SPaDA PC1 value for this year is exceeded in 14 other
anomalous years. The algorithm also identifies 1982/1983 as an outlier, although it does
not exceed the 1.5 standard deviation threshold for strong ENSO events. Eight other years,
not identified as outliers, do exceed this threshold.

Unlike strong La Nifla events, strong El Nifio events show non-linear characteristics that
are not easily described using a single ENSO index. There are two distinct types of El
Nifio phases, differentiated by larger SST anomalies towards the eastern or central Pacific,
usually referred to as the East Pacific/canonical El Nifio and the Central Pacific/El Nifio
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Fig. 6 EI Nifio—like drought patterns during the 18 years identified as outliers. Starred years (*) are histori-
cal El Nifio events (1973, 1983, and 1998 are the three instrumental-period extreme El Niflo events where
the SPCZ took a zonal orientation)

Modoki, respectively (Wiedermann et al. 2021; Yeh et al. 2014). These phases are associ-
ated with distinct patterns of rainfall across the Pacific islands (Murphy et al. 2014) and
certain regions of the globe (Taschetto et al. 2010) due to SST-driven modifications of
atmospheric circulation patterns (Wiedermann et al. 2021).

The 1982/1983 and 1997/1998 El Nifio events, in particular, exhibited SST and pre-
cipitation characteristics distinct from any other warm ENSO event. Exceptionally warm
SST anomalies peaked towards the eastern Pacific, weakening the east—west SST gradients,
strengthening the ITCZ in the eastern equatorial Pacific region and allowing the SPCZ to
shift by up to ten degrees of latitude towards the equator, achieving a near-zonal orientation
(Cai et al. 2012; Santoso et al. 2017). Rainfall non-linearity resulting from the shift in the
convergence zones, particularly increased precipitation in the usually dry eastern equatorial
Pacific (Nifio3 region, east of 120°W), has been used to identify the occurrence of similar
zonal El Nifio events in climate models (Cai et al. 2014).

Here, we investigate whether the Isolation Forest identifies spatial drought anomalies
consistent with extreme El Nifio events in the SPaDA. The spatial coverage of the SPaDA
was determined by the location of Pacific Islands with sufficient meteorological data,
which thus does not extend to the eastern equatorial Pacific region. During very strong El
Niflo events, substantial precipitation anomalies can be observed in the SPaDA region as
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increased precipitation along the equator to the east of the Solomon Islands, and decreased
precipitation throughout the southwest Pacific and to the north of the Equator. The shift in
orientation and increase in convergence zone intensity results in more extreme precipita-
tion anomalies than other El Nifio years for most Pacific Islands and precipitation anoma-
lies of the opposite sign to other years in some locations (Murphy et al. 2014).

Murphy et al. (2014) identified six Pacific Islands which show different characteristics
during extreme El Nifio events compared to other El Nifio events. For Majuro, the Marshall
Islands, shifts in the ITCZ result in generally wet La Nifia and dry El Nifio events, with
much larger dry anomalies during extreme El Nifio events. ENSO signals of opposite sign
are experienced by the northern and southern Cook Islands, with EI Nifio events wet in the
north and dry in the south. The northward movement of the SPCZ that resulted in the wet-
test year on record for Penrhyn, northern Cook Islands, in 1982/1983 and 1997/1998 was the
driest on record for Rarotonga, southern Cook Islands. Funafuti, Tuvalu, is in the transition
zone between these wet and dry El Nifio regions and experiences mixed precipitation sig-
nals between ENSO phases. Funafuti had its wettest years on record during 1982/1983 and
1997/1998. Tarawa, Kiribati, and Nauru in the western Equatorial Pacific have enhanced rain-
fall during El Nifio events and suppressed rainfall during La Nifia events. However, extreme
El Niflo events resulted in opposite precipitation signals (dry rather than wet El Nifio).

Figure 7 shows SPEI during the 18 El Nifio-like drought outliers identified by the
Isolation Forest for these six islands compared to average SPEI during El Nifio and La
Nifia events. More than 80% (15/18) of outlier years show characteristics consistent with
instrumental precipitation anomalies during zonal SPCZ events at one or more stations
(starred years). The SPaDA more readily identifies atypical characteristics at stations with
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Fig.7 November—April SPEI for six Pacific Islands in all years identified as El Nifio-like drought anoma-
lies (red), compared to average SPEI in La Nifia years (blue) and El Nifio years (orange). Starred years

show drought characteristics consistent with instrumental precipitation during extreme El Nifio events when
the SPCZ took a zonal orientation
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enhanced precipitation anomalies compared to Nauru and Tarawa which demonstrate ‘sign
switching’. Only 2 years outside of the calibration period are consistent with a zonal SPCZ
in the Nauru reconstruction, and no pre-calibration period years are atypical in the Tarawa
reconstruction. This result is likely impacted by our use of a linear model to reconstruct the
strongly non-linear relationship to precipitation during extreme El Nifio events at these sta-
tions and the small number of such events during the calibration period.

Not all extreme El Nifio events co-occur with a zonal SPCZ. The most recent extreme El
Nifio, which occurred in 2015/2016 (outside our reconstruction period), had record-breaking
warm SST anomalies in the central Pacific but weaker shifts in the ITCZ and SPCZ than other
extreme events (Santoso et al. 2017). Based on the SPEI magnitude and documentary evi-
dence of global impact, 1646/1647 and 1791/1792 may still be classified as extreme El Nifio
events despite lacking atypical drought patterns that suggest a zonal SPCZ (Figs. 6 and 7).

4.3 No trend in anomalous South Pacific droughts

Our results show that La Nifia— and El Nifio—like drought patterns of equal or greater mag-
nitude than those of the instrumental period have occurred semi-regularly over the South-
west Pacific in the last 350 years. A greater frequency of anomalous events is observed in
the recent (training) interval compared to the pre-instrumental data, increasing from an aver-
age of 1 every 14.6 years (1640-1874) to 1 every 7.8 years (1875-1998). However, the trend
of increasing anomalous events is not statistically significant (Cox-Lewis test, p>0.05),
regardless of whether the Isolation Forest or the simple threshold method was used to iden-
tify outliers. We therefore cannot reject the null hypothesis—that the occurrence of extreme/
anomalous hydroclimatic states has remained stable over the reconstruction interval.

Anthropogenic climate change is projected to increase the frequency of zonal SPCZ
events due to enhanced warming of the eastern Equatorial Pacific (Cai et al. 2012). Other
studies suggest that recent El Nifio extremes are more intense than in the past (Freund et al.
2019) and that human influence may already be contributing to an increased likelihood
for zonal SPCZ occurrence (Power et al. 2017). Despite this, we cannot yet find statistical
evidence of increased drought-event frequency consistent with a zonal SPCZ orientation in
the later twentieth century. The anomalous drought patterns indicate that the co-occurrence
of strong El Nifio events and zonal SPCZ orientation observed during the 1982/1983 and
1997/1998 events is present throughout the reconstruction interval.

Linsley et al. (2017) similarly found no trend in the number of zonal SPCZ events iden-
tified in their coral record from the western Equatorial Pacific (not used to develop the
SPaDA). Nevertheless, there are several constraints on the SPaDA that may hamper the
identification of trends. Robust meteorological data is not available for all islands in the last
decade of the reconstruction, which may contribute to the underestimation of SPEI anoma-
lies for recent events such as 1988/1989, and there is insufficient instrumental data cover-
age over the SPaDA domain to assess trends in extremes since 2000. In addition, the linear
(principal components) method may not be suitable for reconstructing strongly non-linear
rainfall trends at some stations, underestimating the occurrence of zonal events. There is
evidence that while climate change may increase the spatial extent of ENSO teleconnec-
tions, the existing teleconnections may not be simply strengthened (Perry et al. 2017).
Reconstructions based predominantly on predictors from teleconnected regions, like the
SPaDA, may therefore not identify all changes to ENSO. Finally, the substantial interan-
nual and multidecadal variability in the South Pacific likely dominates any signal from
anthropogenic warming (Brown et al. 2020).
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5 Conclusions

We developed the first spatially resolved multi-proxy drought reconstruction for the South
Pacific islands. The SPaDA provides a 350-year dataset of South Pacific drought for compari-
son with other proxy records, documentary data, and climate model outputs. The reconstruc-
tion integrates coral proxies, which provide local information on the South Pacific hydro-
climate but are limited in number and length, with a network of tree rings targeting Pacific
climate variability through remote teleconnections. The reconstruction demonstrates the ben-
efits of multiproxy reconstructions incorporating tree rings, which allow for the alignment of
other proxy records without chronological error.

The SPaDA closes the gap between existing paleo-reconstructions of point ENSO indices,
and a spatially resolved drought atlas, allowing both the hydroclimate of individual islands
and regional patterns of drought to be assessed. While contrasting east/west South Pacific
drought anomalies are a consistent feature of the SPaDA, the precise pattern of drought var-
ies between each ENSO event (Figs. 2, 6, S8). The benefit of a spatially resolved dataset to
assess the impacts of ENSO events on small Pacific islands is highlighted in the case of El
Niflo extremes, which can have substantially different climatic impacts than more moderate
events (Fig. 6). The SPaDA may also prove useful to assess the past occurrence of canonical
and El Nifio Modoki events, which show distinct precipitation patterns over the Pacific.

Climate models suggest that the frequency of extreme El Nifio events will increase in future.
This would substantially impact the South Pacific islands under the influence of the SPCZ, with
an increase in severe flooding, drought, or anomalous precipitation patterns in many locations.
To understand future vulnerabilities and adapt to projected climate change impacts on water
resources, robust estimates of the likelihood of extreme events are required. The SPaDA shows
that extreme EI Nifio events characterised by very strong southwest Pacific drought anomalies
and a zonal SPCZ orientation have occurred since 1640 CE, prior to an anthropogenic global
warming signal. The SPaDA thus provides a valuable baseline of, and multi-centennial con-
text for, the occurrence of ENSO extremes in the instrumental period. The reconstruction helps
improve our understanding of past hydroclimate variability in the southwest Pacific and can be
used to evaluate the performance of climate models for Pacific Island countries.
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