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ABSTRACT

The concurrent occurrences of drought and extreme heat events, such as heatwaves, present substantial threats to human health
and ecosystems. This study delves into a thorough examination of the collective impacts of drought and extreme heat events in
Southeast Asia (SEA) over the past 83years (1941-2023). Two primary definitions guided the investigation: Compound Drought
and Heatwave Events (CDHW) and Compound Hot Droughts (CHD). The Wet-Bulb Globe Temperature (WBGT) was employed
to define heatwaves and extreme hot events, while the Standardised Precipitation Evapotranspiration Index (SPEI) was used
for drought definition. In addition, the study explored the impact of linear detrending on copula fitting, assessing its effects.
The findings of the study consistently revealed a strong positive correlation between drought and heatwaves in CDHW. On the
other hand, CHD exhibited varied correlation patterns across regions. Furthermore, the study highlighted that linear detrending
had a lower sensitivity in CDHW compared to CHD. The analysis uncovered significant regional disparities in the joint return
period ranking of compound events, stemming from diverse copula analysis approaches. Particularly in non-continental SEA,
notably in some regions like Sumatra Island, a noteworthy distinction between CDHW and CHD emerged, indicating the limited
applicability of CHD in scenarios with stringent concurrence of compound events. These insights provide valuable assistance
to the research community, aiding in the discernment of the distinctions between CDHW and CHD in drought and heat-event
assessment.

1 | Introduction lead to even greater impacts (Hao, Hao, and Zhang 2020; Hong,

Zhang, and Huang 2024). Besides the anticipated escalation of

Under climate change, the substantial societal and ecological
ramifications of climate extremes have garnered significant at-
tention (IPCC 2013). Compound events are typically viewed
as the extremes in multiple environmental stressors that are
interconnected to epitomise extreme hazardous conditions
through four mechanisms that are preconditioned, multivar-
iate, temporally compounding and spatially compounding
(Ashfaq, AghaKouchak, and Nguyen 2021; Bevacqua et al. 2021).
Compared with single climate extremes, the simultaneous or
sequential happenings of these compound extreme events may

the future risks linked to compound extreme climate events due
to global warming's impact and the interplay of physical pro-
cesses across various scales (Zscheischler et al. 2018), compound
extremes have been the most significant climate hazards globally
(Hao et al. 2018). As one type of compound event with profound
ramifications for both society and the environment, compound
drought and heatwaves have drawn strong research attention
(Kong et al. 2020; Mukherjee and Mishra 2021; Zhang, She,
et al. 2022; Tabari and Willems 2023). The synergetic effects of
combined occurrences can overwhelm the resilience thresholds
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of ecological and socio-economic systems, hence demanding a
deeper understanding and strategic management to mitigate the
looming risks (Zscheischler and Seneviratne 2017).

Recently, a large number of studies on combined occurrences of
droughts and heatwaves and combined instances of dry-hot ex-
tremes have been carried out across the world, including China,
Brazil, America, Europe and Australia (Sutanto et al. 2020;
Alizadeh et al. 2020; Kong et al. 2020; Li et al. 2021; Libonati
et al. 2022; Laz, Rahman, and Ouarda 2023). One important
aspect of these studies is the investigation of the dependence
structure between two single climate extremes through cop-
ula analysis (Ribeiro et al. 2020). Due to this advantage, copula
analysis has been extensively employed in numerous studies
to unravel the complex dynamics of combinative occurrences
of drought and heatwave as well as hot and dry extremes.
AghaKouchak et al. (2014) introduced a methodology to ap-
praise the risk of compound drought and extreme temperature
events using multivariate return periods, thereby establishing a
foundational framework for examining combined occurrences
of droughts and heatwaves, which has been widely embraced.
By emphasising the significance of multivariate approaches
in accurately assessing compound climate risks, Zscheischler
et al. (2018) further underscored the need for copula-based
methods in understanding the interdependencies and height-
ened frequencies of concurrent hot and dry summers, often
overlooked by univariate statistical models. Sarhadi et al. (2018)
proposed a non-stationary climate framework, utilising C-vine
(canonical vine) copulas to quantify the climate stresses of warm
and dry co-occurrences through joint probability. To reveal the
effects of combinative drought-heatwave occurrences on social-
ecosystem productivity, Yin et al. (2023) utilised an ensemble of
111 simulation members to project the challenges of sustainable
development caused by future CDHWSs hazards under three SSP
scenarios. In this study, the frequency is projected to increase
dramatically, by a factor of 10 globally, under the most extreme
emission scenario by the end of this century. Zhang et al. (2023)
investigated the concurrences of heatwaves and flash droughts
in China over the past 60years. As flash droughts are defined on
a weekly basis, this research provided a detailed investigation of
compound events on a finer temporal resolution. Besides these
highlighted studies, a multitude of research efforts have concen-
trated on the quantification and characterisation regarding the
simultaneous presence of dry and hot extremes in terms of space
and time under various climatic conditions, enhancing our un-
derstanding of these phenomena in different regions (Zhou and
Liu 2018; Chen, Li, et al. 2019; Zscheischler and Fischer 2020;
Tavakol, Rahmani, and Harrington 2020).

Previous studies on climate extremes using copula methods
generally follow two approaches, namely CDHW and CHD. The
CDHW approach focuses on simultaneous drought and heat ex-
tremes occurring at a daily scale, demanding a stringent tempo-
ral resolution for concurrence (Yin et al. 2022; Ullah et al. 2023).
In contrast, CHD studies often examine longer timescales, such
as monthly or annually, where a year might be categorised as a
CHD year if characterised by overall low precipitation and high
temperatures (Zhang, Hao, et al. 2022; Collins 2022). While both
focus on the co-occurrence of heat and drought, their different
temporal frameworks may lead to instances where the concur-
rence of extremes in CHD events is overlooked when analysed

at a daily level, emphasising a gap in understanding how si-
multaneous extremes manifest over varying temporal scales.
Southeast Asia (SEA), a region heavily impacted by droughts
and heatwaves in recent years (D'Arrigo et al. 2006; Miyan 2015;
Ullah et al. 2022; Li, Yuan, and Hang 2022), faces even greater
challenges due to its dense population (Li et al. 2023). Despite its
vulnerability, there remains limited research on the copula-based
analysis of these compound events in the region. Therefore, ad-
dressing CDHW and CHD through copula methods is essential
for improving our understanding of climate vulnerabilities in
SEA. In addition, linear detrending has become an important
aspect of copula analysis, transforming non-stationary time se-
ries into stationary ones by removing trends to enable accurate
analysis under the assumption of stationarity. Zscheischler and
Seneviratne (2017) used detrending to assess the dependency
of climate variables while minimising the confounding effects
of climate change, enhancing the interpretation of the under-
lying correlations. However, detrending has limitations; it may
weaken observed correlations in longer-term analyses (Alizadeh
et al. 2020) and obscure trends crucial to the studied phenom-
ena (Raffalovich 1994). Despite its widespread use in CDHW
and CHD analyses (Zhou and Liu 2018; Chen, Chen, et al. 2019;
Tavakol, Rahmani, and Harrington 2020; Zhang et al. 2023),
there is a lack of systematic research on its specific impacts
within these contexts, highlighting the need for further investi-
gation into how detrending affects correlation analysis in com-
pound extremes research.

Thus, the aim of this study is to conduct a thorough comparative
analysis of compound climate extremes, employing copula anal-
ysis for both CDHW and CHD events. This research will critically
examine and quantify the effects of linear detrending on individ-
ual variables within these contexts. The investigation will focus
on SEA, using the Standardised Precipitation Evapotranspiration
Index (SPEI) to assess drought conditions and the Wet-Bulb
Globe Temperature (WBGT) to evaluate heatwave intensities,
both derived from ERAS reanalysis data. The findings will be
systematically analysed and interpreted through the lens of the
likelihood multiplication factor (LMF) and joint return period.
By answering these questions, we hope a new perspective of as-
sessment of combined occurrences of droughts and heatwaves
through copula analysis can be established, which will be of
great assistance for a more holistic understanding of compound
climate extreme events.

2 | Data and Method
2.1 | Study Area

This research covers SEA, spanning from 90°E to 140°E and
from 10°S to 30°N. As a region characterised by its predom-
inantly tropical climate, SEA is home to diverse ecosystems.
The environmental landscape, including dense rainforests
and extensive river systems, contributes to significant cli-
matic variability. Over the years, the region has been increas-
ingly susceptible to severe droughts and heatwaves (Dong
et al. 2021; Li, Yuan, and Hang 2022; Phan-Van et al. 2022;
Ha et al. 2022). This growing susceptibility is further com-
pounded by rapid urbanisation and a fast-expanding popula-
tion (Arfanuzzaman and Dahiya 2019; Maja and Ayano 2021),
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intensifying the urgency to understand and mitigate these cli-
matic extremes.

2.2 | Data

This study employs the ERAS5 reanalysis dataset sourced from
the European Centre for Medium-Range Weather Forecasts
(ECMWF), spanning an extensive period from 1941 to 2023
(Hersbach et al. 2023). This long-term coverage is intentionally
selected to ensure a robust fitting of the copula function. The
dataset’s 0.25°x0.25° spatial resolution encompasses hourly data
on 2-m dew point temperature (d2m), 2-m temperature (t2m),
wind speed, and solar radiation downwards. They are used
for computing WBGT as a measure of heatwaves. In addition,
monthly potential evapotranspiration (PET) and precipitation
data are utilised to derive the SPEI for evaluation of drought
severity. This comprehensive dataset facilitates an in-depth ex-
amination of concurrent drought and heatwave occurrences in
SEA (Hersbach et al. 2023). In this research, heatwave events
are characterised by a percentile approach and are exclusively
considered during warm seasons, as the exceedance of WBGT
thresholds in cold seasons does not constitute heatwave events.
Given the broad latitudinal expanse of SEA, the duration of
warm seasons exhibits variation across different regions. To ac-
count for this diversity, we delineate the warm season as a 7-
month period (Markonis et al. 2021), centred around the month
featuring the highest average WBGT value. This ensures that the
analysis accurately reflects the regional climatic variations and
effectively captures the periods most susceptible to heatwave
conditions.

2.3 | Identification of Compound Events
2.3.1 | Drought Index—SPEI

Drought indices are essential tools in hydrology and climatol-
ogy, providing quantifiable metrics to assess the magnitude,
duration and geographical scope of droughts. These indices
facilitate a standardised assessment of drought conditions, aid-
ing in effective management and mitigation strategies. Among
various indices, the Standardised Precipitation Index (SPI) has
gained extensive usage due to its simplicity and effectiveness
in measuring rainfall shortfalls across various temporal ranges
(McKee, Doesken, and Kleist 1993). To mitigate the limitation
of relying exclusively on precipitation-centric indices from
SPI, Vicente-Serrano, Begueria, and Lépez-Moreno (2010) in-
troduced SPEI as an enhancement. This metric integrates pre-
cipitation and PET, rendering it a more holistic instrument for
evaluating droughts, particularly considering the influence
of climate change. The inclusion of temperature data through
PET allows the SPEI to capture the effects of evapotranspira-
tion on drought severity, which is increasingly relevant under
rising global temperatures. This holistic approach provides a
more accurate representation of drought conditions, and its util-
ity is reflected in the widespread adoption of SPEI in various
drought studies (Begueria et al. 2014; Potopova et al. 2016; Zhao
et al. 2017; Li et al. 2020). Therefore, to comprehensively assess
the severity of drought under compound events, the SPEI index
is selected in this study to address the impacts of precipitation

and PET on drought (Vicente-Serrano et al. 2012; Hao and
Singh 2015).

Based on precipitation and PET, water balance D can be ob-
tained as follows:

D=P—PET )

where P is precipitation. The utilisation of water balance instead
of original precipitation is aimed to provide a more comprehen-
sive drought assessment than SPI by considering both water
inputs (i.e., precipitation) and water demands (i.e., evapotrans-
piration). The incorporation of PET can make SPEI sensitive to
changes in temperature or other climatic variables that may in-
fluence drought conditions under climatic changes. Following the
calculation of the water balance D, the computation of the SPEI is
analogous to the methodology used in the SPI. This involves stan-
dardising the water balance values by fitting them to an appropri-
ate probability distribution. Typically, the Fisk distribution, also
known as the log-logistic distribution, is utilised for this purpose,
with probability density function (PDF) given as (Singh 1998):

_B/a)(Dy/a)"”

<1+(Di/a)ﬂ)2 2

where a and f are scale parameter and shape parameter, which
are both positive. After the estimators of these two parameters
are computed, the CDF value can be given by (Singh 1998):

1

RPN 3
1+(3)

Then SPEI can be calculated through the standardisation pro-
cess using inverse CDF of the standard normal distribution as:

SPEL = ¢™'(F) @
2.3.2 | WBGT

The WBGT index, incorporating temperature and humidity, of-
fers a comprehensive measure of heat stress. The employment
of the WBGT in the study of heatwaves has been extensively
validated, offering an enhanced perspective on evaluating heat-
related risks as compared to standard temperature-based in-
dices (Heo, Bell, and Lee 2019; Chen, Li, et al. 2019; Heo and
Bell 2019; Li, Yuan, and Kopp 2020). WBGT can be calculated
by (Yaglou and Minaed 1957):

WBGT = 0.7T,, + 0.2T, +0.1T, )

where T, and T, are wet- and dry-bulb temperatures (°C), re-
spectively; T, is globe temperature (°C). T,, can be calculated by
the following equation (Stull 2011):

T,, =T, xarctan[0.151977(RH +8.313659)"/?|
+arctan (T, +RH) —arctan(RH — 1.676331) ©)
+0.00391838(RH)*?arctan(0.023101RH) — 4.686035
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where RH is relative humidity. As relative humidity data is
not included in ERAS5 reanalysis, it can be calculated via dew
point temperature T, based on the revised Magnus equation
(Alduchov and Eskridge 1996):

@

17.625xTy
£ 243.04+T,

17.625xT4
@ 243.04+Tg
RH =100 X [ ]

where T, is the dew point temperature (°C).

T, reflects the thermal stress from radiation and wind speed,
which can be obtained from (Tonouchi, Murayama, and
Ono 2006):

T, =T, +0.017ssrd — 0.208va 8)

where ssrd is the solar radiation downwards in W/m?, va is the
wind speed in m/s.

2.3.3 | CDHW and CHD

In this study, CDHW events are conceptualised as simultaneous
occurrences of drought and heatwave conditions on a daily basis.
Drought is determined using the 1-month SPEI with a threshold
value set below zero to indicate drought conditions. Concurrently,
a heatwave is recognised during the peak daily WBGT, surpassing
the 80th percentile consistently for a period of at least three succes-
sive days with a centred 15-day window (Lyon and Barnston 2017).
In the study, we set relatively loose thresholds to define drought
and heatwaves, compared with conventional cases. This is to en-
hance the robustness of copula fitting by increasing the number of
data points of CDHW events.

To facilitate copula analysis, we proposed a severity index
to quantitatively characterise the intensity of drought and
heatwave conditions for a given year. It is computed as the
cumulative sum of the deviations of the drought or heatwave
indices from their respective thresholds aggregated over all
days when CDHW events occur. The mathematical express for
a specific year can be presented as:

Sp = — SPEI, — SPEI, ©
i in CDHW days
Sy= ),  WBGT,— WBGT, 10)
i in CDHW days

where S and Sy; are the severity index for drought and heat-
wave, respectively. To make the physical meaning of severity
consistent for both cases, the severity of drought is set to positive
so that larger severity values represent more severe conditions.
SPEI and WBGT, are the thresholds for drought and heatwaves,
which are zero and 80th percentile in this study.

The CHD events in this study are identified through the assess-
ment of annual average values of SPEI and WBGT. This approach
provides a straightforward way to characterise drought and heat-
wave conditions on an annual scale. By leveraging the fact that
low annual average SPEI values usually signify drought years,

while elevated WBGT annual averages indicate heatwave years,
our analysis of CHD focuses on the yearly occurrences of these
climatic extremes. Therefore, compared with CDHW, which uses
severity index to quantify droughts and heatwave events, the
annual average of SPEI and WBGT will be used instead in the
investigation of the CHD approach. It is important to note that
our examination of CHD does not delve into the simultaneous
occurrence of drought and heatwave events on a daily basis.

2.4 | Copula Analysis

Introduced by Sklar (1959), the copula serves as a statistical
technique within the realm of probability theory that models
the dependence between random variables through a multivari-
ate function. Let X and Y denote WBGT and SPEI, respectively;
their joint distribution function can be given as:

H(x,y) = Prob(X < x,Y <y) = C(Fx(x), Fy(»)) 11

where C denotes the copula function that links the marginal
distributions of X and Y, represented by U = Fx(x) and V = Fy ()
where both U and V are uniformly distributed. Combined with
Equation (12), the probability of occurrence for a given event
in which heatwave and drought conditions exceed correspond-
ing thresholds (i.e., u and v, respectively) can be expressed as
(Sklar 1959):

p=Prob(U>u,V>v)=1—-u—-v+Cu,v) (12)

Therefore, the return period (RP) for such an event can be ob-
tained as:

1
RP > 13)
To characterise the combined distribution of drought and heat-
wave events, our initial step involves determining the best-fitting
results for their respective marginal distributions. We employ a
variety of theoretical univariate distributions, including Normal,
Gamma, Weibull, Log-Normal, Generalised Extreme Value
(GEV), Beta, and Pearson Type III (Loucks and van Beek 2017).
The optimisation of parameters for each distribution model is
carried out using the maximum likelihood estimation (MLE)
method. The most suitable distribution model is then selected and
built upon the Bayesian information criterion (BIC) (Burnham
and Anderson 2004). The best marginal distributions of drought
and heatwaves characterised by CHD and CDHW over all grid
points in SEA can be found in Figures S1 and S2. The copula
function C for each grid point in SEA were fitted from nine cop-
ula functions listed in Table 1. Afterwards, the best copula for
each grid point will be selected based on BIC. Given that the pri-
mary goal of this research is to examine the contrast between
CDHW and CHD, coupled with the impact of linear detrending,
our analysis will cover four modes: CDHW with and without lin-
ear detrending, and CHD with and without linear detrending.

The LMF, introduced by Zscheischler and Seneviratne (2017), is
employed to quantitatively measure the correlation of compound
events (or dependence). LMF is characterised as the ratio of joint
probability over theoretical one in the independence case. The
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TABLE 1 | Copula functions employed in the study, along with the
applicable range of Kendall's tau (Nelsen 2006).

Copula Kendall's tau range
Gaussian (-1,1
Student t (-1L,1
Clayton o, 1)
Gumbel 0,1)
Frank (-1,D
Joe 0,1)
Galambos 0,1)
Tawn O, 1)
FGM (2/9,2/9)
Plackett (-1L,D

independence case is denoted with independent copula in the
following equation (Zscheischler and Seneviratne 2017):

Crna(, v) = uv (14)

For a given return period RP,, (i.e., the exceedance probability
Do = 1/RPy), if we consider that two individual climate extremes
contribute to the compound event equally, we can compute the
marginal values u and v, based on the following equation:

u=v=1-1/p (15)

Substitute the marginals in Equation (13), we can express the
exceedance probability for such marginal values under practical
copula C as (Zscheischler and Seneviratne 2017):

p1=1_2(1—\/p_0)+C(1— Po’l_\/p_o) (16)

Thus, the LMFisobtained by (Zscheischlerand Seneviratne 2017):

LMF = 21 17)

Po

It should be noted in Table 1 that some copula functions are not
applicable to negative correlation (i.e., Kendall's tau = < 0) be-
tween two random variables. The direct fitting of the copula may
not obtain the appropriate results due to the inapplicable range.
As all of them can be used for positive correlation, to facilitate
better copula fitting results, we can construct a positive correla-
tion between variables by setting v=1— CDF(Sp), if original
marginals u and v are negatively correlated (i.e., Kendall's tau
7 < 0). Therefore, the modified LMF expression considering the
negative correlation can be given as:

Forz <0,
Py =Prob(sy > Sy, sp > Sp)
(20)
=Prob(u' > U,V >V)=v-C(u',V)
VPo = (1= VPo. vPo)
LMF = p, /p, = @

Po

where u=CDF(Sy), v=CDF(Sp), u'=CDF(Sy) and v =
1 — CDF(Sgp).

2.5 | Hurdle Model Adoption

In copula fitting for compound events, an underappreciated issue
is the absence of compound events in certain years, resulting in
some yearly values being zeros. While a few zeros are tolerable,
an excessive presence of zeros can significantly undermine the
reliability of the marginal fitting process. The excess of zeros ob-
scures the real distribution, leading to a marginal fitting that is
both imprecise and fundamentally flawed. As there are few stud-
ies that explicitly investigate the adversarial impacts of excessive
zeros in yearly value, an approach of marginal distribution fit-
ting utilising a hurdle model will be presented to address this
problem. The hurdle model is a statistical technique specially
designed to tackle the abundance of zero values in datasets. This
approach divides the data into two separate parts: a binary model
determines if an observation is zero or a non-zero value; and a
truncated count model is applied to assess the size of the obser-
vation, provided that it is positive (Ma, Yan, and Weng 2015). In
practical study, besides count data, the hurdle model is also ex-
tended to semicontinuous data by combining continuous distri-
bution (Hilbe, de Souza, and Ishida 2017).

Let x = (x,, ... ,X,) be a sample from random variables X; that
are independent and share identical distributions according to
the two-part model. The PDF of a hurdle model is given as (Ma,
Yan, and Weng 2015):

1-4, x=0
fix 4,0) = { (22)
AMx|0), x>0

As the two parts are independent, we can use MLE to estimate
parameters A and 6 as (Eggers 2015):

i=r 23)
0 € maxL(z| 6) (24)
where r is the ratio of the number of non-zero yearly values over

total years. Thus, the marginal CDF for heatwave, including ex-
cessive zeros, can be expressed based on Equation (23) as:

For = > 0, CDF(Sy) =F(x|4,6)
P = Prob (SH > SH’ Sp > SD) (18) ) J+oof( |A e)dx
=]1- X y
=Prob(u>U,v>V)=1-u—v+C(u,v) x

+00 (25)

1-2(1- v/po) +€(1= y/Pos1 - /o) as) =1—/1Jx fix|6)dx

LMF =p, /p, =
Po =1-4(1—-CDF(Sy,))
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where Sy, is the yearly heatwave severity data with all zeros re-
moved. Finally, utilising the hurdle model, the marginal CDF
values for heatwave and drought severity with excessive zeros
can be given as (for = > 0):

u=1-r+rCDF(Sy,)

(26)

v=1—r+rCDF(SD+)
where Sp,, denotes the opposite value of drought severity data
without zero values. Using the previous method introduced, as
described by Equations (21), (22) and (26), the marginal CDF
value of drought severity can be easily obtained for negative case.

3 | Results

3.1 | Impacts of Return Periods and Detrending
on LMF Spatial Patterns

Figure 1 illustrates the analysis of the LMF for compound cli-
mate events during warm seasons over SEA. The maps provide
insights into the spatial pattern variability and highlight the po-
tential influence of linear detrending on these compound events.
As LMF represents the dependency strength between drought
and heatwave (or hot extremes), a higher value indicates a stron-
ger likelihood that these two types of events would occur simul-
taneously rather than independently. By comparing Figure 1a,c,
we observe a prevalent positive correlation in CDHW between
two climate extremes across the entire SEA, indicated by an

all-grid average LMF of 2.033. In contrast, CHD exhibits a mix
of positive and negative correlations. The negative correlations,
reflected by LMF values below 1, are predominantly observed
in eastern Vietnam, Cambodia, Sumantra and Java Islands,
and the west of Borneo. The negative correlation seen in CHD
reflects the non-concurrent occurrences of drought and hot ex-
tremes at an annual scale. In the case of CDHW, there is a higher
likelihood of drought and heatwaves happening simultaneously
on specific days during warm seasons, leading to a generally
positive correlation.

Upon comparing the left panel (not detrended) with the right
panel (detrended) of Figure 1, a generally similar spatial pat-
tern of positive or negative correlations is observed. However,
concerning CHD, a marginal weakening of positive correla-
tion is found post-linear detrending. This is evidenced by a
0.3% decrease in the averaged LMF value for CHD over neg-
atively correlated grids, reducing from 1.181 (not detrended)
to 1.177 (linearly detrended). In contrast, the negatively cor-
related grids exhibit a significant reduction in correlation
levels after linear detrending, with LMF increasing by approx-
imately 7.1% (e.g., from 0.756 to 0.810). In CDHW, character-
ised by a prevailing positive correlation across the study area,
linear detrending has a minimal impact on increasing correla-
tion levels. The average LMF increases by approximately 0.3%
(e.g., from 2.033 without detrending to 2.039 with detrending).
Comparing this characteristic among different joint return
periods, it is manifested that the increase of LMF caused by
linear detrending also elevates as the return periods increase
(0.5% for 10years, 0.8% for 20years). Concerning the different
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FIGURE1 | LMF of compound events during warm seasons with RP =5years: (a) and (b) are computed with yearly average values based on CHD,
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without linear detrending, whereas in (b) and (d), the WBGT and SPEI undergo linear detrending before copula fitting. [Colour figure can be viewed

at wileyonlinelibrary.com]

60f 15

85U8017 SUOWILIOD BAITe1D) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBIWI0D A8 | IMAeIq 1 U1 UO//SANY) SUORIPUOD pue SWB | 38U 89S *[9202/70/60] U0 Ariqi8ulluO 3|1 ‘8iBojouyos 1 Ind 1nsu| Bunsiey Aq €£28:901/200T 0T/1I0p/wod A8 imArIq 1 pulUO'SIBLUL//SANY Woiy papeojumod ‘9 ‘SZ0Z ‘880060


https://onlinelibrary.wiley.com/

magnitudes of the impact of linear detrending on CHD and
CDHW, the lesser influence on CDHW can be attributed to
the similar trends in the severity of drought and heatwaves. As
both individual climate extremes undergo the removal of sim-
ilar trends during linear detrending before copula fitting, the
combination of marginal distributions remains relatively sta-
ble. A comparison of correlation levels under different return
periods for compound events yields similar results. Supporting
Information provides detailed maps of the spatial pattern of
LMF values for other return periods.

3.2 | Joint Dependence Structure Analysis

To delve deeper into the effectiveness of CHD and CDHW in
identifying compound events, we have chosen Bangkok as a rep-
resentative city due to its frequent occurrence of such events. Its
geological location is shown in Figure 2. This selection aims to il-
lustrate the evolution of individual events in the city from 1941 to
2023. Figure 3 illustrates the copula analysis outputs in the con-
text of CHD events. The annual average of WBGT and negative

FIGURE 2 | The geological location of Bangkok. [Colour figure can
be viewed at wileyonlinelibrary.com]

SPEI values during warm seasons are illustrated in Figure 3a,b.
The higher values of negative SPET and WBGT represent more
severe extreme events. Figure 3c displays the contour lines re-
vealing the joint dependence structure of compound events de-
rived from copula analysis. The differences between the results
with and without linear detrending are shown in all subfigures.
The influence of linear detrending on WBGT is notably more
pronounced compared to its impact on SPEI. This discrepancy
is particularly evident during the periods spanning from 1941 to
1970 and from 2000 to 2023. This observation can be attributed
to the conspicuous upward trend in temperatures over the past
decades in Bangkok, as documented by Marks (2011), with this
trend being mitigated by the application of linear detrending.
Nevertheless, the long-term fluctuating pattern of drought oc-
currence does not exhibit the same monotonic clarity observed
in temperature trends.

The joint dependence structure of CHD events, depicted in
Figure 3c, illustrates the interconnectedness between the proba-
bilities of both drought and extreme heat events happening. It is
found from the contour lines that the extremely hot and drought
events are located at the upper right corner. The impact of linear
detrending is also evident in the alternation of joint dependence
structure. Given that high WBGT values have a reduction, and
high SPEI values get amplification after linear detrending, the
contour lines of the linear-detrended data move to the left hori-
zontally but exhibit a downward shift vertically. In Figure 3c, the
annotations indicate the probability of compound events hap-
pening in 2016 for both the non-detrended and linear-detrended
cases. To quantify this shift caused by linear detrending in 2016,
the univariate return period of WBGT derived from marginal
distribution decreases by 74% (from 15.1 to 4.0years), while
the negative SPEI increases by 25% (from 1.2 to 1.5years). The
joint return period of compound events decreases from 56.8 to
10.5years, with LMF values of 0.32 and 0.58 for non-detrended
and linear-detrended conditions, respectively. The LMF values
of CHD are lower than 1, representing a negative correlation be-
tween drought ant hot extremes in Bangkok.

A similar analysis is conducted for CDHW events, and the out-
puts are illustrated in Figure 4. The severity indices of drought
and heatwaves are used to quantify drought and extreme heat
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FIGURE 3 | Results of copula analysis for Bangkok grid (100.5018°E, 13.7563°N) in the context of CHD events: (a) WBGT, (b) negative SPEI, (c)
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events. It is indicated that the two extreme indicators vary wider
than the CHD ones. The return periods in the year 2016 for
heatwaves and drought are 221.1 and 783.2years without de-
trending, and 534.1 and 457.4years with linear detrending, re-
spectively. Compared with CHD events, the compound events in
the year 2016 are measured to be extremely rare under CDHW
events, with the joint return period being 24,255 for detrended
and 18,085 for non-detrended data. The LMF values for the
CDHW event, with and without linear detrending, are 10.07
and 9.58, respectively. The significant amplification of the LMF
indicates that in 2016, Bangkok faced a year in which the prob-
ability of drought and heatwave events occurring simultane-
ously on a daily basis was approximately 10 times higher under
a joint probabilistic distribution than if they were assumed to
occur independently. The positive correlation is shown to be
slightly weakened when long-term trends within single events
are removed by linear detrending, with LMF decreasing by 5%
in Bangkok.

3.3 | Number of Occurrences of Historical
Compound Events

To illustrate the evolving spatial patterns of compound events
over the past 83years, Figure 5 maps the occurrences of non-
detrended CDHW events under various joint return periods.
For brevity, spatial distribution maps for linear-detrended
CHD, non-detrended CDH, and non-detrended CDHW events
are provided in Supporting Information. Figure 5 illustrates
a steady upward trend in compound events across the entire
SEA region for all analysed return periods. From 1941 to
2000, most of SEA witnessed no more than three compound
events, with some areas even seeing none. However, in the
past two decades (2001-2023), there has been a notable surge
in compound events. In certain areas, particularly for a 10-
year return period, the frequency of CDHWs has surpassed
15 occurrences. Slightly more pronounced increases are ob-
served across northeastern Myanmar, central Thailand,
southern Borneo, southern Philippines and southwestern
Papua, though the variation across regions remains moder-
ate, leading to a relatively consistent distribution. In addition,
higher compound event thresholds (e.g., joint return periods
of 20 and 40years) are associated with lower occurrences of
compound events.

Figure 6 shows the number of occurrences of compound events
under detrended CDHW, non-detrended CHD and detrended
CHD during four consecutive periods under the 10-year return
period. When utilising linear-detrended data for copula fitting
in CDHW analysis, the upward trend in compound event oc-
currences becomes somewhat attenuated. For instance, with a
10-year return period, the overall increasing trend persists, al-
beit with a reduction in the average number of compound event
occurrences from 7.5 to 5.3 times over the period 2001-2023.
In contrast to the relatively steady level of compound events
based on CDHW over the last century, non-detrended CHD ex-
hibits an early spike in the number of occurrences, as shown in
Figure 6b,e,h,k. Certain regions, such as eastern Borneo Island
and Papua Island, experienced more than 12 compound events
during the period 1981 to 2000. Like CDHW, CHD also displays
a weakened increasing trend due to linear detrending, but the in-
fluence is more pronounced. The average number of occurrences
of compound events with return periods of 10years over SEA
in the recent 20years has been significantly reduced from 12.0
times (non-detrended) to 6.5 times (linear detrended). Notably,
in contrast to the lesser impact on LMF observed in the previous
analysis for CDHW, CHD appears to be more sensitive to linear
detrending. More detailed results under various return periods of
both CDHW and CHD can be referred to Supporting Information.

3.4 | The Consistency Between CDHW and CHD

The analysis above highlights distinct characteristics of CDHW
compared to CHD events, including variations in LMF values,
occurrence probability and the sensitivity to linear detrending.
These disparities may be rooted in the inherent definitions of
CDHW and CHD. However, it remains unclear whether sim-
ilar conclusions can be drawn when both assessment tools are
employed to evaluate compound event conditions for a specific
region. To assess the consistency of these approaches, Bangkok
was chosen as a representative city to investigate whether the
compound event conditions in different years can be sorted sim-
ilarly. As depicted in Figure 7, the consistency between CHD
and CDHW is visually represented through a quantile-quantile
plot. The data points predominantly align with the 45° reference
line; notable deviations occur in certain years. Instances of non-
concurrent droughts and heatwaves may attenuate the annual
severity index and corresponding return periods, resulting in
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FIGURE4 | The same as Figure 3, but for CDHW events.
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higher empirical CDF values for CHD compared to CDHW, as
observed in the years 1989. Conversely, the simultaneous occur-
rence of these two extremes within a single year can yield sub-
stantial annual severity indices despite the yearly averages of

WBGT and SPEI not being markedly high or low. This phenom-
enon is exemplified by significantly displaced data points below
the reference line, as seen in 1945 and 2021. In summary, the two
approaches yield approximately analogous assessment results on
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the compound events conditions among different years, while  Asthe Kendall tau is a widely used non-parametric statistic mea-
some substantial deviations between these two approaches also suring the ordinal association between two variables (Sen 1968),

exist for certain years if two extremes do not happen simultane- it serves as the basis for further analysing the consistency between
ously on a daily basis. CHD and CDHW. For the selected city, Bangkok, the Kendall tau
10 of 15
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in Bangkok over the years show that at least one compound event has
occurred. [Colour figure can be viewed at wileyonlinelibrary.com]
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is calculated to be 0.36. Figure 8 illustrates the overall Kendall
tau values across the SEA region, showing a general moderate
consistency in mainland SEA, the Philippines and Borneo, with
Kendall tau values ranging from 0.4 to 0.6. However, regions in
the south of Sumatra Island and the northwest of Thailand ex-
hibit more significant inconsistencies between CHD and CDHW,
with Kendall tau values below 0.2. The low Kendall tau value
in those regions represents a notable discrepancy between CHD
and CDHW, which might be caused by the non-concurrent
drought and heatwave extremes. Figure 9 shows the latitudinal
variation of the number of days in which drought and heatwaves
occur concurrently. In this figure, we observe a significant de-
crease in concurrent days from north to south regions. When two
approaches are used to assess the compound events conditions,
the low concurrent days will lead to a reduced severity of drought
and heatwaves, which is used to measure compound event con-
ditions in the CDHW approach. While, a year will be assessed as
severe compound climate extremes under CHD as long as the
yearly WBGT and negative SPEI are high. Therefore, the severity

30°
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FIGURE 9 | The latitudinal variation of a number of days when
drought and heatwave occur simultaneously on the annual average.

of compound events will be underestimated by CDHW due to the
lower severity index caused by the reduction of concurrent days,
which is shown in Figure 9. Thus, compared with CDHW, CHD
may not be an appropriate approach for assessing compound
event conditions in this area on a daily basis.

4 | Discussion

In this study, we conducted a comprehensive copula analysis
to examine compound dry and hot events in SEA using two
distinct definitions: CDHW and CHD. Both definitions apply
WBGT to assess heat stress, considering temperature and hu-
midity to provide a more holistic measure of heatwave stress.
Concurrently, SPEI is used to assess drought, accurately cap-
turing drought dynamics by integrating precipitation and
evapotranspiration data, which offers in-depth insights into
moisture deficiencies across different timescales. The combined
use of WBGT and SPEI allows for a detailed and contextually
relevant characterisation of CDHW and CHD events in the
region. By employing joint return periods and LMF, we care-
fully examine the spatial patterns and temporal trends of these
events across SEA. Results from copula analysis are illustrated
through LMF values and occurrence frequencies. The observed
trends in compound events align with findings from previous
correlation-based studies (Mukherjee and Mishra 2021; Zhang,
She, et al. 2022; Zhao et al. 2023), showing a generally strong
positive correlation between drought and heatwave events
over the entire period. Similar findings were reported by Shi
et al. (2024), who measured independence using the ratio of
drought and heatwave severity indices. Our analysis also re-
veals a noticeable surge in compound event occurrences, espe-
cially for 10-year joint return periods across the region. This
trend has been most pronounced in the past two decades, with
areas such as Myanmar, Borneo Island, southern Philippines
and Papua Island experiencing a substantial rise, with more
than 15 CDHW events in the last two decades. The sharp in-
crease in compound events is similarly reflected in CHD, con-
sistent with the findings of Hao et al. (2018).
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Another important contribution worth mentioning is the adop-
tion of the hurdle model in this study to improve marginal distri-
bution fitting. A frequently overlooked issue in copula analysis,
especially within the CDHW approach, is the substantial im-
pact of excessive zeros on marginal distribution fitting. In the
CHD approach, the copula is directly fitted based on the yearly
average value of drought or heat extremes, ensuring that each
year has a non-zero value. In contrast, CDHW requires the si-
multaneous occurrence of drought and heatwave, resulting in
days being filtered based on their concurrence. Consequently,
zero values are inevitable in the CDHW time series, represent-
ing years without the simultaneous occurrence of both drought
and heatwave on the same day. To address this challenge, zero-
inflated models and hurdle models offer effective solutions
for fitting distributions in data with a high frequency of zeros.
While the zero-inflated model assumes two processes, one gen-
erating only zero values and the other generating both zero and
non-zero values, the hurdle model assigns all zero values to a
single process. Given that the source of zeros in the CDHW ap-
proach aligns more closely with the assumptions of the hurdle
model, we adopted this model in our study.

In addition, the study highlights key distinctions between
CDHW and CHD events. LMF analysis shows negative correla-
tions between drought and hot extremes in CHD for some re-
gions, in contrast to the generally positive correlation observed
in CDHW. This negative correlation in CHD differs from the
findings of Zscheischler and Seneviratne (2017). While differ-
ences in the indices used to characterise drought and hot ex-
tremes may explain some of this inconsistency, limitations in
the copula functions employed may also play a role. Compound
events can occur on specific days when both WBGT and SPEI
are high, but CHD, with its coarser annual time resolution,
may fail to capture these events, which could explain why
CDHW exhibits a stronger positive correlation. In addition,
CDHW is less sensitive to linear detrending before copula fit-
ting, as indicated by the LMF analysis. This may be due to the
more stable trends in WBGT and SPEI severity over the past
decades. In contrast, the stronger temporal variations in indi-
vidual extremes within CHD result in a more substantial im-
pact on copula fitting and LMF values. Both CDHW and CHD
provide similar rankings of compound event conditions across
years, though notable discrepancies arise in non-continental
areas of SEA, particularly in the southern hemisphere, such as
Sumatra and the northwest of Thailand, due to fewer concur-
rent days of compound events.

In general, our study offers several innovative contributions.
First, by defining compound dry and hot events (i.e., CDHW) on
a finer time scale (daily basis), we demonstrate its ability to iden-
tify compound events with higher resolution, leading to more
accurate assessments of compound event conditions, particu-
larly in regions where drought and heatwaves may occur non-
simultaneously within a year (e.g., Sumatra Island). Second,
the introduction of the hurdle model for marginal distribution
fitting in CDHW provides an effective solution to the distortion
caused by excessive zeros, offering a valuable alternative for cop-
ula analysis with zero-inflated data. Third, we assess the advan-
tages and limitations of linear detrending techniques, showing
that while they may reduce the severity of compound events

with lower return periods, they strengthen the correlation be-
tween the individual events when evaluated using LMF values.
Finally, the novel application of both CDHW and CHD in SEA
provides unique insights into compound dry and hot event risk
assessment, which could be adapted for use in other regions
worldwide.

5 | Conclusion

This study presents a thorough comparative analysis of com-
pound dry and hot events in SEA using copula analysis for both
CDHW and CHD events. With its finer, daily time scale, the
CDHW approach captures compound events at a higher resolu-
tion, making it particularly suitable for regions where drought
and heatwaves may not occur simultaneously. In contrast, the
CHD method, with its yearly time scale, offers a broader perspec-
tive on long-term trends, providing valuable insights for regions
where seasonal or annual averages are more relevant for assess-
ing risk patterns. The application of a hurdle model for CDHW
offers a practical solution for managing zero-inflated data in
copula analysis, improving marginal distribution fitting. The ne-
cessity of linear detrending is validated in reducing compound
event severity at lower return periods while strengthening event
correlation when assessed through LMF values.

Our study offers valuable guidance for policymakers and stake-
holders. Identifying SEA regions where compound dry and hot
events are increasing enables policymakers to focus resources
and interventions in high-risk areas. Understanding specific
locations and timeframes of heightened compound event helps
regional governments and disaster agencies develop targeted
action plans, such as promoting drought-resistant agriculture,
improving water management, and refining heatwave response
protocols to protect vulnerable populations. In addition, our use
of joint return periods and LMF analysis offers a quantitative
foundation for assessing event likelihood and severity, support-
ing policy thresholds and infrastructure planning. For example,
recognising the increasing frequency of compound events can
inform updates to building codes, health advisories, and urban
planning standards. Future projections based on these meth-
ods could further guide adaptive policies to address anticipated
shifts in climate extremes.

While this study provides valuable insights, it also has several
limitations that highlight potential avenues for future research.
Primarily, it relies on historical data, which constrains its appli-
cability for projecting future climate conditions. To address this,
future studies could incorporate predictive climate models, such
as CMIP6, to explore how compound dry and hot events might
evolve under different scenarios. In addition, the copula methods
applied here may not fully capture the nuanced dependencies be-
tween drought and heatwave events across diverse spatial and
temporal scales; thus, exploring advanced copula techniques or
machine-learning approaches could improve accuracy. Finally,
the definitions of CDHW and CHD used in this study reflect dif-
ferent timescales and might benefit from validation with finer-
scale data to ensure applicability across local contexts in SEA.
Addressing these limitations could strengthen the study's meth-
odologies and enhance its practical value for policymakers.
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