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A B S T R A C T

Small islands that depend on limited freshwater resources are at significant risk from seasonal drought, which
poses a major threat to both their ecosystems and communities. Christmas Island, located in the eastern Indian
Ocean, presents an example for which severe drought conditions during the wet season not only affects its
freshwater resources but also biodiversity on the island, including the migration pattern of the iconic red crab
species. However, short-term instrumental climate records on this island make it hard to quantify drought
variability and assess its associated risks. Tree growth is affected by drought via reduced soil moisture, and
hydroclimate reconstruction from tree-ring chronologies can therefore provide longer-term information on
historical variability of dry and wet periods. Here, we reconstructed the wet season (December-May) self-
calibrating Palmer Drought Severity Index (scPDSI) for Christmas Island using 64 remote tree-ring chronolo-
gies from Asia, Australia, and New Zealand. scPDSI was reconstructed using the Point-to-Point Regression (PPR)
method and compared with regional marine coral proxies for independent verification. The remote tree-ring
chronologies explained more than 66 percent of scPDSI variance (R-squared) over the calibration period. The
trees identified as significant predictors in the regression model were primarily located in areas affected by the
Indo-Pacific climate drivers including the Indian Ocean Dipole (IOD). The reconstructions span 1540 CE to 2000.
During the first four centuries of this period, the frequency of extreme (5th percentile) droughts and pluvial
events rarely exceeded one event per 13 years. In contrast, the frequency of both extremes experienced an un-
precedented increase during the 20th century, and with a notable shift towards dry conditions. These findings
highlight a significant shift towards more frequent and severe dry conditions during the wet season on Christmas
Island, posing a challenge to water resource management and potentially threatening the island’s ecosystem and
services to the community.

1. Introduction

Christmas Island, located in the eastern part of the Indian Ocean, is
an isolated island renowned for its abundant tropical rainforests and
remarkable biodiversity (Misso and West, 2014). It provides habitat for
numerous endangered migratory and endemic species, including sea-
birds and land crabs. Like many other small oceanic islands, it is
particularly vulnerable to the impacts of climate change, with threats to
its biodiversity and freshwater availability (Maunsell Australia, 2009).
Regional climate change projections are for reduced precipitation and

increasing periods of drought for Christmas Island by the end of the
century (Maunsell Australia, 2009). However, considerable un-
certainties remain around the future projections. In addition, the limited
number and duration of instrumental hydroclimate records makes it
challenging to accurately quantify the magnitude of natural climate
variability. This limits the context for future projected changes of
Christmas Island, which is impacted by multiple climatic drivers.

Christmas Island lies at the southern edge of the intertropical
convergence zone (ITCZ) and the north-western edge of the Australian
summer monsoon domain. This results in a tropical monsoonal climate
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with distinct wet and dry seasons based on the Köppen-Geiger climate
classification (Beck et al., 2018). It shares the same type of climate with
most parts of Java, Indonesia, which is the closest landmass to Christmas
Island (~350 km), characterised by a wet season typically starting in
November/December and ending in April/May when the north-west
monsoon winds prevail (Ferijal et al., 2021; Hutchings and Brown,
2014). Both the El Niño–Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD) cause inter-annual variations of the monsoon onset
in the region, however, they appear to have negligible impact on the
total monsoon precipitation (Hamada et al., 2012; Zhang and Moise,
2016). Although the majority of the Australian summer monsoon
domain has shown an upward trend in precipitation since 1950, a
decrease in summer precipitation has been observed in some parts of the
northwestern region of the domain, i.e., south Sumatra and Java Islands,
in close proximity to Christmas Island (Aldrian and Djamil, 2008; Zhang
and Moise, 2016). These areas have also experienced an increase in the
severity of drought during the wet season demonstrated by an increasing
trend in the number of observed dry spells (Ferijal et al., 2021).

The regional drying trend for the wet season combined with the
observed declining trend for spring precipitation in Christmas Island
(Maunsell Australia, 2009) has increased the risk of severe dry episodes
on the island. Such dry conditions threaten hydrological drought
through reduced soil moisture and reduced rainfall recharge into its
underground karstic water supply source, with wider impacts on
ecosystem services. For instance, delays to the start of the rainy season
may force the iconic red crabs, which play a crucial role in preserving
the structure and species composition of the rainforest vegetation on
Christmas Island (Hutchings and Brown, 2014), to change their migra-
tion pattern (Shaw and Kelly, 2013). Unlike other natural hazards,
drought is a ‘creeping disaster’, and it is difficult to identify when it
starts or ends (Kiem et al., 2016). This challenge is intensified for
Christmas Island with a lack of long-term hydroclimate data, impeding
our understanding of the range of its natural hydroclimate variability.

Paleoclimate data, specifically annually-resolved tree-ring chronol-
ogies, can provide additional information on the range of natural
hydroclimate variability (Meko and Woodhouse, 2011). Annual
tree-ring widths (i.e., tree growth) and drought share common climatic
controlling factors such as soil moisture deficit, precipitation, and
temperature (D’Arrigo and Smerdon, 2008; Palmer et al., 2015). Thus,
tree-ring-derived records can be valuable proxies (i.e., predictors) for
extending instrumental climate-derived drought indices back in time.
Although some tree species on Christmas Island such as Terminalia cat-
appamay have dendrochronological potential (Castor Neto et al., 2023),
there is currently no established tree-ring proxy available for Christmas
Island. Two different coral proxies have been developed for the island.
However only one proxy is publically available and it only covers a short
period of 24 years within the instrumental period, making it unsuitable
for the purpose of this study (Marshall and McCulloch, 2001). The
longer coral proxy, i.e., 118 years, is not publicly available, and other
attempts to develop a speleothem proxy have been unsuccessful
(Hargreaves et al., 2023; Hua et al., 2012). Although local proxies can
detect climate patterns at a local scale, as well as regional and
longer-term scales, using remote proxies for paleoclimate reconstruction
has been proven to be successful in the absence of local proxies (Higgins
et al., 2023; Higgins et al., 2022). Given that the climate of Christmas
Island is predominantly shaped by the large-scale Indo-Pacific climate
drivers, tree-ring sites from the broader region with similar climate
drivers (Allen et al., 2020; Cook et al., 2010; Palmer et al., 2015) could
potentially be employed for drought reconstruction on the island. Such a
reconstruction would provide long-term baseline data to assess drought
variability and allow comparison to climate model projections. Thus, it
might assist in identifying climate models that better capture historical
climate extremes (e.g., droughts) on Christmas Island, leading to more
informative future projections. The lack of accurate future projections
has been recognized as one of the primary gaps in the last assessment
report of the Intergovernmental Panel on Climate Change (IPCC) for

small island states (SIDS; Mycoo et al., 2022).
Here we develop a reconstruction of the self-calibrating Palmer

Drought Severity Index (scPDSI) spanning several centuries to aid in
understanding drought variability during the December to May rainy
season in Christmas Island. The scPDSI index for the target season is
reconstructed from a network of remote tree-ring proxies using the
reliable Point-to-Point Regression (PPR) technique (Cook et al., 2010).
We assess the consistency of our reconstruction with other paleoclimate
archives by comparing it to marine coral proxies from adjoining regions.
We then explore the pattern of drought variability, the occurrence of
megadroughts (Cook et al., 2022), and the changes in the frequency of
extreme events over the last five centuries and their relationship with
the Indo-Pacific climate forcings. Finally, we discuss how our method-
ology can help extend baseline data and reduce the uncertainty in future
climate projections for small oceanic islands.

2. Study area and Data

2.1. Study area

Christmas Island is an uplifted, composite, reef carbonate island
(Grimes, 2001) located in the north-eastern part of the Indian Ocean,
approximately 350 km south of Java and 2600 km northwest of Perth,
Australia (Fig. 1). The island covers an area of roughly 135 square kil-
ometres, and Murray Hill is the highest point of the island, with an
elevation of 361 m above sea level. Christmas Island has a tropical
monsoonal climate with an average precipitation of about
2200 mm/year. Rainforest covers most parts of the island, and due to its
outstanding biodiversity and high conservation values, 63 % of the is-
land has been classified as National Park (Hutchings and Brown, 2014).
It has a karst drainage system, so almost all precipitation goes quickly
underground through this system without forming any surface water-
courses (Barrett, 2001). The karstic landscape provides a water supply
source for local households and businesses on Christmas Island through
a set of seasonally recharged cave streams and springs (Barrett, 2001;
West et al., 2020).

2.2. Climate data

Temperature and precipitation have been recorded at several
weather stations on the island. Although precipitation data starts from
June 1901, around 60 % of precipitation records are missing for the
period between 1940 and 1960. The records of air temperature on the
island start from January 1921. However, the corresponding gauge-
based Climate Research Unit (CRU) temperature field for Christmas Is-
land provides monthly temperature series for the island back to 1900.
The CRU data and the corresponding gauge observations match well
over their overlapping period. Given this similarity and the small range
of temperature variation in the tropics, we used the corresponding CRU
TSv4.05 (Harris et al., 2021) temperature field series to calculate the
scPDSI for Christmas Island. We also used the CRU scPDSI field for
global land (Barichivich et al., 2022) and the Hadley Centre Sea Surface
Temperature (HadlSST; Rayner et al., 2003) data set for our spatial
correlation analyses. Supplementary Table S1 summarizes the climate
features of Christmas Island. The target season for our drought recon-
struction is the wet season (December to May), which accounts for more
than 70 % of the total annual precipitation on the island.

2.3. Tree-ring data

For this study, we identified publicly available tree-ring records
located in areas known to be affected by Indo-Pacific climate drivers in
previously published drought atlases, primarily from the Monsoon Asia
Drought Atlas (MADA) but also the eastern Australia and New Zealand
summer drought atlas (ANZDA) and a few from the European Russia
Drought Atlas (Allen et al., 2020; Cook et al., 2010; Cook et al., 2020;
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Palmer et al., 2015). The available records include an initial pool of
approximately 800 annual tree-ring series scattered over a vast area,
including east Türkiye, Asia south of 50◦N, Australia, and New Zealand.
The raw tree-ring records were all standardized following the same
method as described by Cook et al. (2020) and used by O’Donnell et al.
(2021). The first step involved applying adaptive power transformations
to the raw ring-width measurements to ensure they were more homo-
scedatic and calculating the ring-width indices as residuals (Cook and
Peters, 1997). The next stage involved using an age-dependent spline
(Melvin et al., 2007) to remove low-frequency variance thought to be
mainly due to non-climatic age/size-related changes in ring width over
time. This was followed by ‘signal-free’ detrending (Melvin and Briffa,
2008) aimed at helping to minimise trend distortion and improve the
resolution of medium-frequency variance from the series of tree-ring
measurements. All of the above standardisation steps were done using
the ‘RCSsigfree’ program (https://www.geog.cam.ac.uk/research/proje
cts/dendrosoftware/ developed by Ed Cook, Paul Krusic, Kenneth Peters
and Tom Melvin in 2017). The chronologies obtained from this process
were then used as initial predictors for our drought reconstruction
model.

3. Methods

3.1. Instrumental drought

Drought indices are quantitative measures for drought character-
ization. To be consistent with previous studies on drought reconstruc-
tion, we chose scPDSI as the drought index in this study (Wells et al.,
2004). scPDSI is a commonly used drought index, which calculates the
deviation of soil moisture from its climatological average using a simple
water balance model. Its calculation requires monthly precipitation and
temperature, as well as parameters representing the soil water holding

capacity. As the available CRU gridded product for this index does not
cover Christmas Island, we used the scPDSI R package developed by
Zhong et al. (2019) to calculate the index for Christmas Island. The
package requires monthly precipitation, potential evapotranspiration
(PET), and soil water-holding capacity to calculate scPDSI. Given the
limited availability of meteorological data for Christmas Island, monthly
potential evapotranspiration was computed using Thornthwaite’s
method (McMahon et al., 2013) through the MATLAB tool developed by
Jacobi et al. (2013). The Thornthwaite method, while valuable for
estimating PET in data-limited areas such as Christmas Island due to its
simplicity, only accounts for temperature dependencies of atmospheric
evaporative demand (Trenberth et al., 2014). This dependence on
temperature can lead to overestimates of PET, particularly after 1980
when temperatures increased significantly at a global rate of 0.28 ◦C per
decade (Cook et al., 2014; Osborn et al., 2021). Consequently, it has
been found that using Thornthwaite PET in scPDSI calculations can lead
to more severe estimates of recent droughts compared to the use of PET
derived from the Penman-Montieth method (Sheffield et al., 2012).
Thus, the modest temperature increase of only 0.4 ◦C on Christmas Is-
land from 1974 to 2008 (Maunsell Australia, 2009) may slightly over-
estimate recent droughts, especially in these analyses where the
post-2000 instrumental data has been appended to the reconstruction.
The soil parameters were obtained from Australian soil resource infor-
mation system database (https://www.asris.csiro.au/) for scPDSI
calculation. We then averaged the six monthly scPDSI values from the
prior year (t-1) December through the current year (t) May as the current
year wet season scPDSI for the predictand in our regression model.

3.2. Reconstruction model

Consistent with previous drought reconstructions (Cook et al., 2010;
Cook et al., 2007; Palmer et al., 2015), we used the nested point-to-point

Fig. 1. Topography of the Christmas Island and its geographic location with regard to Australia and the south-eastern tropical Indian Ocean (SETIO; Du et al.,
2005) region.

S. Sharifazari et al.

https://www.geog.cam.ac.uk/research/projects/dendrosoftware/
https://www.geog.cam.ac.uk/research/projects/dendrosoftware/
https://www.asris.csiro.au/


Dendrochronologia 86 (2024) 126238

4

principal component regression (PPR) method in this study. PPR retains
the tree-ring chronologies that significantly correlate (p ≤ 0.1;
Spearman, Pearson, and robust Pearson) with the scPDSI during a
common calibration period. The retained chronologies are then cate-
gorized into successive groups of chronologies (nests), with the first nest
including all retained chronologies and representing the shortest time
span as determined by the youngest chronology. The next younger
chronologies are then sequentially dropped from the chronology pool
when going further back in time (Meko, 1997). No further nest is formed
when there are less than two chronologies remaining. For each nest, the
regression model is applied on the principal components (PCs) of
tree-ring chronologies from that nest, i.e., regression model predictors
for that nest, during the calibration period. Tree-ring PCs are entered in
the stepwise regression by order of explanatory variance, determined by
Akaike Information Criterion (AIC) criterion in our case. The variance of
the reconstruction obtained from each nest is scaled to that of the
instrumental data over the calibration period. Finally, the model ap-
pends the reconstruction of longer nests to the start year of the younger
ones to develop the final reconstruction.

To build the PPR model, we only used chronologies that extended up
to and beyond 2000 CE, i.e., chronologies with the end year of greater
than or equal to 2000. The end date of scPDSI reconstruction (2000) was
chosen as a trade-off between a declining pool of chronologies and
maximising the length of the overlapping instrumental period for cali-
brating the regression model. Since ~60 % of precipitation records were
missing for the period between 1940 and 1960, we excluded this period
from the analysis. Thus, the most reliable instrumental data of the period
after 1961 were used for model calibration and the period of 1903–1940
was withheld to verify the model. In addition to unlagged chronologies,
we included the one-year lagged tree chronologies (i.e., t+1) to be
retained in the chronology pool, as the previous year’s climate condition
may affect tree growth of the current year (Rao et al., 2018). To account
for large-scale, remote teleconnections, a large search radius, i.e., 10,
000 kilometres, was set to identify chronologies that are significantly
correlated with scPDSI. However, the sensitivity of the results to a
smaller search radius was also investigated by building the regression
model on trees located closer than 3000 kilometres from Christmas Is-
land. We also used the first order autoregressive (AR) prewhitening
technique to reduce non-climate effects. The application of AR pre-
whitening assists in resolving large differences in short-term autocor-
relation between climate and tree rings, which are caused by the
influence of physiological and stand dynamics on annual ring widths
(Cook et al., 1999).

To estimate the PPR model uncertainty, we used the maximum en-
tropy bootstrapping (MEBoot) method (Vinod, 2006; Vinod and
Lopez-de-Lacalle, 2009). MEBoot is a random perturbation method that
applies to both the tree-ring and scPDSI series, preserving the overall
stochastic properties of the original time series used in the regression
model (Cook et al., 2013). In so doing, it provides a suite of
pseudo-reconstructions, i.e., 300 in our case, from which an empirical
probability distribution function for each reconstructed year can be
derived. The empirical probability distribution function can then be
used to estimate the uncertainty of the reconstruction (Rao et al., 2018).

3.3. Model verification

The reconstruction was validated by evaluating the overall perfor-
mance statistics as well as comparing the reconstruction to independent
paleoclimate proxy records. The calibration period coefficient of mul-
tiple determination (CRSQ), the verification period reduction of error
(VRE), and the verification period coefficient of efficiency (VCE) (Cook
et al., 1999) were used to assess the performance of our reconstructions.
VRE evaluates the reconstruction relative to the calibration mean and
ranges from -∞ to 1, where values greater than zero indicate the supe-
riority of the reconstructions over the calibration mean. VCE is equiv-
alent to the Nash-Sutcliffe Coefficient of Efficiency in hydrology

(Nguyen et al., 2020), and it is more rigorous than VRE as it measures
the performance of reconstructions relative to the verification mean,
always resulting in a smaller value compared to VRE unless the cali-
bration and verification means are identical (Cook et al., 2010). The VRE
and VCE are calculated as:

VRE = 1 − [

∑
(y − ŷi)

2

∑
(yi − yc)

2]

VCE = 1 − [

∑
(yi − ŷi)

2

∑
(yi − yv)

2]

Where yi and ŷi are observed and reconstructed scPDSI, respectively,
yc is the mean of the actual data in the calibration period, and yv stands
for the mean of the actual data in the verification period.

To verify the reconstruction against independent marine climate
proxies (i.e., coral records), we first investigated the spatial footprint of
sea surface temperature (SST) on the wet season scPDSI over the
instrumental period of 1961–2000. We reduced our investigation to the
areas located within 2500 km from Christmas Island, known to be the
scale of the regional weather systems (Boers et al., 2019). This area
covers most of the south-eastern tropical Indian Ocean region shown in
Fig. 1. As the strongest positive relationship was found between the
averaged June through November SST of the previous year and wet
season scPDSI through our spatial correlation analyses (Fig. 2b), we used
the average of the coral records over the corresponding months, i.e.,
June to November, for the independent verification.

3.4. Extreme event analysis

Extreme dry events were classified as those values located below the
lower 5th percentile of the reconstruction mean. Similarly, extreme
pluvial events were above the 95th percentile. The frequency of occur-
rence of these extreme events and how their frequency changes through
the time is important for risk analysis (Mudelsee, 2020). However, the
intervals between consecutive extreme dry events or consecutive
extreme pluvial events are not normally distributed. Following Mudel-
see et al. (2004), a non-parametric Gaussian kernel function was used to
estimate the changes in the occurrence rates of extreme events. We used
the 30-year bandwidth Gaussian kernel function and obtained a 90 %
confidence band of the occurrence rates using 1000 bootstrap
simulations.

Besides extreme dry and pluvial events, megadroughts lasting
several years can have substantial impacts on the present-day commu-
nities, ecology, and ecosystem services (Cook et al., 2016). However, the
process of defining megadroughts is complex due to the variety of
methods used to determine their start and end dates, whether they are
droughts or megadroughts (Coats et al., 2013; Cook et al., 2022; Meehl
and Hu, 2006). This can result in different characteristics being attrib-
uted to megadrought events when considering a single reconstruction.
To account for this methodological diversity and following Cook et al.
(2022), we identified the extended drought periods with a minimum
length of 5 years and explored the exceptional ones (i.e., megadroughts)
in terms of severity and duration.

4. Results

4.1. Selected tree ring predictors and coral proxies

The screening criteria used by PPR retained 64 separate tree-ring
chronologies, i.e., excluding the lagged versions, as the final pre-
dictors for scPDSI reconstruction based on the 10,000 km search radius.
The selected trees are scattered over a vast area with the closest ones
located in the Australian monsoon region, and including chronologies
from Java just ~600 km from Christmas Island. Fig. 2a shows the lo-
cations of selected trees with regard to the geographic position of
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Christmas Island, IOD regions (Saji et al., 1999), and the location of
coral proxies used for comparison in this study. Detailed information
about the selected tree-ring chronologies and coral records are included
in supplementary Table S2 and Table 1.

The underlying map in Fig. 2a shows the Pearson correlation be-
tween the June through November dipole mode index (DMI; Saji et al.,
1999), i.e., the period of peak IOD activity, and December-May CRU
scPDSI fields. Most of the selected trees are located in the MADA
domain, where droughts were found to be associated with positive IOD
events, especially when co-occurring with El Niño (Ummenhofer et al.,
2013). The extent of the area affected by IOD stretches to the eastern
Mediterranean, as suggested by tree-ring-based winter-to-spring tem-
perature reconstruction from Türkiye (Heinrich et al., 2013). To further
investigate the spatial configuration of the selected tree-ring chronolo-
gies for the final PPR model, the loadings of individual chronologies
across space was evaluated. Figure S1 shows that both regional, i.e.,
trees located closer than 3000 kilometers distance to Christmas Island,
and remote ones equally contributed to the reconstruction as indicated
by the strength of their (absolute) correlations in the regression model.

Fig. 2b shows the significant Pearson correlations between the
December-May scPDSI and SST data from the HadlSST data set (grid box

90–120◦E, 5–25◦S). Among different seasons, the prior year (t-1) June-
November SST of the region had the highest positive correlation with
scPDSI over the entire instrumental period, i.e., 1903–2019, with the
strongest correlation for the most reliable period of 1961–2000. This
high-correlated SST season corresponds to the seasons of peak IOD
activity.

Out of the four monthly/bimonthly coral proxies within the box
(Fig. 2b) indicated in Fig. 2(b), the proxy from Bali, Indonesia is in the
region with the strongest SST-scPDSI correlation. The Bali coral provides
information on the evolution of the Indian Ocean Dipole structure and
its relationship with monsoonal variability (Charles et al., 2003). Thus,
this coral proxy is as an independent paleo record to test the validity of
our reconstruction for the period before our calibration window, i.e.,
before 1961. We also investigated the correlation of our reconstruction
with other coral proxy records located in the south-eastern tropical In-
dian Ocean which are geographically close to Christmas Island but lie
outside the monsoonal region. Some of these corals were recognized to
be influenced by ENSO and IOD (Hennekam et al., 2018; Kuhnert et al.,
2000), and they might therefore not entirely capture the climate drivers
that affect our scPDSI reconstruction for Christmas Island.

4.2. Drought reconstructions

The final reconstruction for the averaged December-May scPDSI
index for Christmas Island extends back to 1540 CE. The 64 tree-ring
predictors explained more than ~66 % of the scPDSI variability over
the calibration period of 1961–2000. Even the nest with the earliest start
date (i.e., longest time span), with only 25 tree-ring predictors, explains
more than 40 % of the scPDSI variability. Fig. 3 shows the median skill
scores of the PPR model for the entire period of scPDSI reconstruction.

The positive VRE and VCE values for the entire period (i.e., the 5th
percentiles of VCE and VRE are greater than zero) indicate meaningful
information provided by reconstructions to help with drought inter-
pretation over the last five centuries in Christmas Island. Although, the
median reconstruction skill was positive for the period before 1540 back
to 1400, we truncated our reconstruction at 1540, as the 5th percentile
VCE was less than 0 before that time. The number of chronologies used
for reconstruction is more than ~50 for most of the reconstruction and it
starts to decrease from 1700 CE backward. However, the minimum
number of predictors is 25, which is much higher than the minimum

Fig. 2. (a) The locations of 64 tree-ring chronologies (green triangles) along with coral proxies (pink squares) and Christmas Island (yellow circle) plotted on the
Pearson correlations (colour scale) between averaged June-November dipole mode index (differences in SST anomalies between western and eastern poles; black
boxes) and December-May CRU scPDSI fields for the period of 1961–2000. (b) Significant Pearson correlations (p<0.1) between prior year (t-1) June-November
HadlSST SST data and December-May scPDSI for the same period calculated using KNMI (Koninklijk Nederlands Meteorologisch Instituut) Climate Explorer
(Trouet and Van Oldenborgh, 2013).

Table 1
Pearson correlation comparing December-May scPDSI reconstruction with prior
year (t-1) June-November coral δ18O and Dipole Mode Index.

Calibration period
(1961–2000)

before 1960

n r p-
value

n r p-
value

Cocos (Keelings) Islands
coral δ18O (1809–2009)

40 -0.265 0.0986 151 0.077 0.3435

Southern Mentawai coral
δ18O (1936–2001)

40 -0.363 0.0214 23 -0.516 0.0118

Padang Bai (Bali) coral
δ18O (1782–1990)

30 -0.653 0.0001 177 -0.319 0

Ningaloo Reef coral δ18O
(1879–1994)

35 -0.328 0.0544 80 -0.239 0.0326

Coral-based DMI
reconstruction
(1846–2018)

40 -0.406 0.0094 113 -0.258 0.0055
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required number, i.e., two chronologies, to form a nest in the nested
approach.

Table 1 shows Pearson correlations comparing December-May
scPDSI reconstruction and prior year (t-1) June-November coral δ18O
for the calibration (1961–2000) and pre-calibration (before 1960) pe-
riods. We also included the coral-based July-December DMI

reconstruction (Abram et al., 2020) in our comparison. Consistent with
the positive SST-scPDSI correlation (Fig. 2b), all coral proxies and the
coral-based DMI reconstruction are negatively correlated with scPDSI
(p<0.1) during the calibration period, with the strongest correlation for
the coral proxy from Bali. The negative correlation applies for the period
before 1960 except for Cocos (Keelings) Islands coral proxy, which is

Fig. 3. Median reconstruction skills of the PPR model for each nest with the 90 % MEBoot confidence intervals (shaded areas). The bottom panel shows the number
of tree-ring chronologies used for reconstruction in each nest and the average distance of the selected tree ring chronologies to Christmas Island.

Fig. 4. Comparison of the reconstructed December-May scPDSI (black line) with prior year (t-1) June-November coral δ18O records from Bali (red line) and prior
year (t-1) July-December coral-based DMI reconstruction (blue line). The shaded grey area shows the 90 % confidence interval for scPDSI reconstructions; All values
were scaled between − 1 and 1 for a better visualization. The 50-year running correlations for December-May scPDSI vs. prior year (t-1) June-November coral δ18O
and December-May scPDSI vs. prior year (t-1) June-November reconstructed DMI shown in orange lines with the shaded orange area showing their 90 % confidence
intervals based on 1000 bootstrap simulations. To remove the non-climate trend all series were detrended using the first-year difference method for correla-
tion analyses.
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located outside of the monsoonal region. Similar results are obtained
using the Spearman rank correlation (table S3). Adjusting DMI re-
constructions from Mentawai fossil corals within the corals dating un-
certainty bounds (±13 years; Abram et al., 2020) gives the same
negative DMI-scPDSI reconstruction for the different segments within
the period of 1540–1820 (Table S4).

The 50-year moving correlations demonstrate that all significant
relationships (Table 1) are stable for their corresponding overlapping
periods based on the 90 % confidence interval of 50-year moving cor-
relation. Fig. 4 shows the temporal stability of the Bali coral – scPDSI
and the coral-based DMI – scPDSI relationship over the last two cen-
turies and the results for other coral records are shown in Figure S2. Both
prior year June-November coral δ18O and prior year July-December
coral-based DMI inversely follow our reconstructed December-May
scPDSI.

We tested the sensitivity of our results to the search radius by
repeating the analyses with a smaller search radius of 3000 kilometres.
Table S5 compares the performance statistics of the reconstruction
derived from these chronologies to the one for 10,000 kilometres. The
results show that restricting the regression model to a smaller search
radius does not dramatically change the performance of the model
compared to the baseline reconstruction and the two reconstructions
positively correlate over their overlapping period of 1700–2000
(Figure S3). Comparison against coral proxies also shows the validity of
the regression model with a search radius of 3000 kilometers (Table S6).
To further investigate the validity of the baseline reconstruction we
compared it with the proxy-data assimilation product (PHYDA; Steiger
et al., 2018) which provides a more physically-driven approach for
scPDSI reconstruction. Although this product dose not completely cover
our reconstruction in space or time, the December-February PHYDA
reconstruction averaged over the grid points close to Christmas Island
(box 105–115◦E, 5–15◦S) significantly correlate with our reconstruction
over the entire reconstruction period (Pearson r = 0.17, p = 0.0003)
providing additional evidence for the teleconnections between Christ-
mas Island the selected tree-ring locations (Figure S4). It should be noted
that the spatial correlation between the baseline reconstruction and
PHYDA is a direct correlation rather than the negative correlation pre-
sented in Fig. 2a.

Fig. 5a shows the final reconstruction with its 90 % confidence in-
terval compared with the instrumental period scPDSI index for the

period after 1961. The reconstruction matches the instrumental scPDSI,
capturing both interannual variability and extreme dry and wet events.
The full reconstruction and its 90 % confidence interval are shown in
Fig. 5b. As can be seen from this figure, dry events tended to be domi-
nant compared to wet ones over the last five centuries, except perhaps
during the nineteenth century. This pattern is deduced from the number
of times the scPDSI value exceeded dry and wet thresholds (±0.99; Wells
et al., 2004) shown by dashed lines. Recognized positive IOD events over
the instrumental period, e.g., 1961, 1994, and 1997 correspond with dry
December-May season in their subsequent years for both instrumental
and reconstructed scPDSI series during the calibration period.

Using the methodology described in Section 3.4, we identified 16
extended drought periods throughout the entire reconstruction interval
(Fig. 6). These droughts were longer for the pre-instrumental period
with the longest one lasting for 14 years (1664–1677), compared to the
drought experienced during 1990–1998. However, the severity of
extended droughts during the instrumental period are unprecedented
over the whole reconstruction interval. The lowest mean scPDSI of − 2.2
was for the 1964–1968 drought, and − 1.56 for the 1990–1998 drought
compared to the most severe pre-instrumental droughts, i.e., 1605–1609
with a mean scPDSI of − 1.62. Like the instrumental period, most of the
severe positive IOD events identified by the coral-based DMI recon-
struction (Abram et al., 2020) were followed by negative scPDSI values
in the subsequent year (e.g., scPDSI < − 1 for 1584 and 1660 events;
Fig. 6).

4.3. Recurrence intervals of extremes

Fig. 7 shows the occurrence rate curves of extreme drought and
pluvial events with their estimated 90 % confidence intervals. Extreme
drought events were identified as the years for which their corre-
sponding December-May scPDSI values were below the 5th percentile of
reconstructions, shown in vertical orange lines in the top of Fig. 7 (with
the opposite case for high extreme wet events indicated with green
lines). The return period of both extreme drought and pluvial events was
relatively large before 1900, with the minimum of ~13 years for
extreme pluvial and drought events in ~1860 and ~1600, respectively.
From the late 16th century to late 18th century extreme pluvial events
were generally less frequent than their corresponding drought events.
Since 1900, there has been an increasing trend in the occurrence rate of

Fig. 5. (a) Instrumental (black) versus reconstructed (blue) averaged December-May scPDSI for Christmas Island over the instrumental period 1961–2015. (b)
Reconstructed averaged December-May scPDSI with the 90 % confidence interval for reconstruction shown in grey. Reconstruction values greater than zero are
shown in vertical dark green lines and values less than zero are shown in dark orange. The solid red line shows the 20-year low-pass filtered reconstruction and the
horizontal dashed black lines indicate dry and wet thresholds.

S. Sharifazari et al.



Dendrochronologia 86 (2024) 126238

8

both extremes, and reaching the unprecedented return time of ~4 years
for dry events and ~8 years for wet events by the end of the 20th cen-
tury. During the 20th century, extreme droughts were more frequent
than extreme wet events. Appending the observations to the re-
constructions and extending the end date of reconstruction from 2000 to
2019 makes this difference even more obvious (i.e., return times of ~4.5
years compared to 10 years; see dashed lines in Fig. 7), indicating a
continuing trend towards drier conditions.

5. Discussion

Both modelling skill metrics and comparison against coral δ18O
proxy records and the coral-based DMI reconstruction verify the reli-
ability of our reconstruction. Most of tree-ring chronologies retained in
our reconstruction were recognized to be informative on the Indo-
Pacific climate drivers such as IOD and ENSO in previous regional
studies (Allen et al., 2020; D’Arrigo et al., 2006) and drought atlases
(Cook et al., 2010; Palmer et al., 2015). These drivers strongly affect the
interannual climate variability on Christmas Island as evidenced by
hydroclimate observations and the strontium/calcium (Sr/Ca) ratios of a
short, modern local coral proxy (Marshall and McCulloch, 2001).
Developing more local climate proxies and incorporating them into the
predictor pool of the reconstruction model would enhance the ability of
the reconstruction model to better capture the full spectrum of climate
variability, especially at a local-scale. However, local coral proxies
recently developed from Christmas Island showed a strong relationship

with salinity variations caused by the strength of the Indonesian
throughflow rather than local precipitation (Hargreaves et al., 2023). A
similar relationship was suggested for coral proxies from Cocos (Keel-
ing) Islands (Hennekam et al., 2018), which may help explain the
instability in its correlation to our scPDSI reconstruction. The successful
development of regional tree-ring chronologies from African tropical
rainforests suggests that similar tree species on Christmas Island could
potentially be used to develop local chronologies (De Ridder et al.,
2013).

The negative relationship between DMI and our December-May
scPDSI reconstruction shows the significant impacts of the IOD on
drought variability in Christmas Island during the wet season. Parts of
the wet season’s scPDSI variability is related to its prior June-November
dry season, i.e., the seasonal phase lock of the IOD cycle, due to the
inherent memory in the scPDSI of previous climate conditions. However,
IOD is highly correlated to the September-November (SON) precipita-
tion in the eastern tropical Indian Ocean and a positive IOD event is
often accompanied by strong easterly anomalies, which weaken the
monsoon westerlies, cause precipitation decreases, and delay the wet
season onset (Kurniadi et al., 2021; Zhang and Moise, 2016). Even
though the IOD typically weakens after the SON season, its effects still
persist during December-January and contribute to interannual
monsoon variability in conjunction with ENSO (Zhang and Moise,
2016).

Proxy evidence has widely confirmed that the 17th century wit-
nessed a notable extreme variability in the tropical Indo-Pacific

Fig. 6. Reconstructed averaged December-May scPDSI (black line) with the 10-year low-pass filter (red line) and prior year (t-1) July-December coral-based DMI
reconstruction (blue line). The light orange bars represent the extended droughts with their mean scPDSI shown in orange circles.

Fig. 7. Extreme droughts and pluvials December-May and the time-varying frequency of the occurrence of these events between 1540 and 2000, with dashed lines
showing the adjusted frequency curve if instrumental data is appended to the reconstruction after 2000. A kernel occurrence rate estimator (Mudelsee et al., 2003,
Silva et al., 2012) was used with a bandwidth of 30 years (solid lines). The shaded areas (green and orange) represent the 90 % confidence intervals based on 1000
bootstrap simulations.
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associated with the high variability in IOD and ENSO (Abram et al.,
2020; Freund et al., 2019). Our scPDSI reconstruction shows a high
occurrence rate of extreme dry events and several extended droughts
during the 17th century with the 1664–1677 drought being the longest
drought over the last five centuries (Fig. 6). The 17th century also
marked the driest mean conditions experienced by both the Asian and
Australian summer monsoons throughout the past thousand years
(Denniston et al., 2016; Yan et al., 2015). The extended dry periods that
occurred in the late 17th century are consistent with the fossil coral
records found in southern Mentawai, which indicate a high variability of
positive Indian Ocean Dipole (IOD) events during this period (Abram
et al., 2020). However, during the 20th century, the occurrence rate of
both extremes has substantially increased, with the return time reducing
to ~4 for dry and ~8 years for wet extremes by the end of the recon-
struction. Since the mid-twentieth century, there has been a rise in the
frequency of concurrent El Niño and positive phase of Indian Ocean
Dipole events, which contribute to dry conditions in the region (Xiao
et al., 2022). The more frequent occurrence of positive IOD events
during this time period has been accompanied by an intensification of
their magnitude (Abram et al., 2008).

Small islands are highly exposed to the dynamic impacts of severe
droughts. For example, the El Niño-related 2015–2016 drought in
Vanuatu, resulted in a significant reduction of their freshwater sources
(Iese et al., 2021). Instrumental records of hydroclimate variables may
provide some useful information about drought variability of these
islands (Herrera and Ault, 2017; McGree et al., 2016). However, the
available hydroclimate observations are too short to capture the full
range of natural climate variability, and climate models selected solely
based on these records produce highly uncertain future projections
(Schmidt et al., 2013). The most recent IPCC report indicates a lack of
clear patterns in observed changes in precipitation and drought, and low
confidence in their projected changes for most Small Island Developing
States (SIDS; Mycoo et al., 2022). In the absence of high-resolution local
paleoclimate data, proxies from regions with strong teleconnections can
provide valuable long-term baseline data for these islands, helping to
quantify the range of natural climate variability and constrain climate
models. Selecting an ensemble of climate models based on their ability
to match both historical records and paleoclimate reconstructions for
these islands can address the structural uncertainty in future projections
(Schmidt et al., 2013). This could involve using the paleo component of
the climate models to hindcast hydroclimate variables over
pre-instrumental period, e.g., the Last Millennium (LM; 850–1850 CE),
and then comparing them to the reconstructed records from tree-ring
proxies in both time and frequency domains (Lovejoy and Schertzer,
2012; Schmidt et al., 2013). In our case, the modelled scPDSI can be
calculated from simulated temperature and precipitation series by
climate models and then evaluated against the reconstructed scPDSI
from climate proxies.

The drying trend, combined with human caused factors such as the
introduction of invasive species (Baumgartner II and Ryan, 2020; Shaw
and Kelly, 2013), increases the risks to the survival of Christmas Island’s
red crab population. Additionally, this trend could have an impact on
the community of the island by reducing the seasonal recharge into its
karstic water supply source. Considerable seasonal and interannual
variation in discharge flows have been estimated for springs and cave
streams on Christmas Island with a lagged response of one to fivemonths
to rainfall for the peak flow (Grimes, 2001; West et al., 2020). Severe dry
conditions during the December-May wet season adversely affect the
amount of water storage in the epikarst above the aquifer at the start of
the wet season of the subsequent year (Grimes, 2001), leading to
reduced or even insufficient water supply if the dry condition persists
over multiple years. Thus, as experienced in other small oceanic islands
(Moglia et al., 2008; Mycoo, 2007; Payet and Agricole, 2006; White
et al., 2007), economic and management failures in the water sector
could potentially happen during extended droughts on Christmas Island.

6. Conclusions

In this study, we used a suite of remote tree-ring proxies from regions
with strong teleconnections to develop the first December-May wet
season scPDSI reconstruction for Christmas Island. The reconstruction
skill, together with its independent verification against marine coral
proxies from nearby regions, showed that it contains useful information
about drought variability over the last five centuries in the island. Thus,
it helps in overcoming challenges associated with drought character-
ization posed by the limited availability of long-term hydroclimate
records.

Our reconstruction indicates that extreme dry and wet events
occurred with nearly equal frequency during the period 1540–1900, but
there was a higher occurrence of extended drought conditions. How-
ever, the frequency of both extremes experienced an unprecedented
increase during the 20th century, with a notable bias towards dry con-
ditions. The finding highlights a significant shift towards more frequent
and severe dry conditions during the wet season on Christmas Island.
Given the vulnerability of key endemic species of the island (e.g., the red
crab), and its water supply system to dry conditions, this shift may
negatively impact the biodiversity of the island (Hutchings and Brown,
2014; Shaw and Kelly, 2013) and reduce its freshwater availability by
decreasing the discharge rate of springs and cave streams. When com-
bined with previous research on the influential climate drivers in the
area, such as the Indian Ocean Dipole (IOD), this work raises concerns
about the future resilience of the island’s community and ecosystem
services during these transformations and provide planners and water
resource managers with information to plan appropriately for sustain-
able future developments and their associated water use requirements.
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