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ARTICLE INFO ABSTRACT

Keywords: Climate change is exacerbating the occurrence of compound droughts and heatwaves (CDHWs), which pose a
Extremes serious threat to human health and socio-economic development. Using daily maximum temperature (Tmax) and
Heatwave monthly self-calibrating Palmer drought severity index (sc-PDSI) dataset, the evolution patterns of CDHWs and
]C);i?g:i d events compound wet-heatwave events, the dominant drivers and the relative contributions of droughts and heatwaves
Drylands in the drylands and humid areas from 1961 to 2020 were compared and analyzed. The results show that the

CDHWs are stronger in drylands than in humid areas, the growth rate of CDHWs in drylands was almost twice
that of the humid areas, the CDHWs are greater than the multi-year average intensity of compound wet-heatwave
events by up to 2.4 times. Moreover, CDHWs has increased significantly from the past period (1961-1990) to the
recent warm period (1991-2020), and the heatwave threshold has increased by about 5 °C. In most drylands, the
contribution of heatwaves to CDHWs dominates, whereas in humid areas, the droughts contribution to CDHWs
does. The compounding effects of droughts and heatwaves may exacerbate the severity of CDHWs regionally and
are most pronounced in drylands, taking into account optimal lags. The study findings could provide scientific

and technological support to actively address global climate change risks.

1. Introduction

The world is currently experiencing climate change characterized by
warming, and any continued warming in the future will lead to more
frequent and severe extreme events (Zscheischler et al., 2018, 2020).
These events primarily include floods, droughts, and heatwaves (Xu
et al., 2019; Sutanto et al., 2020; Wang et al., 2022). Extreme weather
events are more sensitive to climate change, showing obvious sudden
onset and often difficult to predict and prevent. Compound events may
have more severe impacts on the natural environment and human so-
ciety than single extreme weather events (Barichivich et al., 2019; Bras
et al.,, 2021). When droughts and heatwaves occur together, they are
called compound droughts and heatwaves (CDHWs). These events can
have a profound impact on agricultural output and our natural envi-
ronment. For example, the probability of corn yield reduction increases
by about 20% when droughts or extreme heat transitions to CDHWs
(Feng et al., 2019). In Southern and Eastern Europe, tree mortality was
found to be associated with CDHWs, which may have been exacerbated
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by a gradual and steady increase in summer temperatures and vapor
pressure defict (VPD), which is expected to lead to higher tree mortality
in the future (Gazol and Julio Camarero, 2022). A positive trend of
increasing frequency, intensity, and duration of CDHWs has been found
in most regions of the world and is most pronounced in Australia, Asia,
and Europe (Mukherjee and Mishra, 2021; Shi et al., 2021; Wu et al.,
2021).

Given the enormous impact of extreme compound events, CDHWs
have received a great deal of attention from the scientific community in
recent years (Bevacqua et al., 2022; Feng et al., 2019; Perkins-Kirkpa-
trick and Lewis, 2020). One study found a constraining effect of average
precipitation trends on future CDHWSs. This is due to the fact that the
magnitude of localized warming is large enough that future droughts are
more likely to coincide with extreme thermal events, exacerbating the
intensity of CDHWs (Bevacqua et al., 2022). The Arctic amplification
effect refers to the fact that temperatures in the Arctic are rising faster
than the global average in the context of global warming (Rantanen
et al., 2022). Similarly, a study exploring the spatial and temporal
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variability of CDHW events from 1983 to 2016 found that CDHWs have a
significant global impact, occurring in an asymmetric spatial pattern,
with greater intensity in the Northern Hemisphere, which corresponds
to Arctic amplification (Mukherjee and Mishra, 2021). Some researchers
defined compound agricultural droughts and hot events (CADHESs) and
analyzed their variability and drivers, and found that CADHEs tended to
increase in all regions except central China, where the relative contri-
bution of temperature to CDHWs was high, and that the increase in
CADHEs in northeastern China underscored the importance of soil
moisture-temperature dependence in the contribution to the variability
of the compound events (Zhang et al., 2022). A Bayesian approach was
utilized to identify the climate regions most vulnerable to the impact of
heatwaves being exacerbated by droughts. The findings suggest that
restricting global warming to 1.5 °C could significantly alleviate CDHWs
in these identified regions (Mukherjee et al., 2022). CDHWs also pose a
serious threat to vegetation and socio-economic systems and will further
affect the capacity of terrestrial carbon sinks (Yin et al., 2023; Zhou
et al., 2019).

Common compound extreme events can be broadly classified into
four categories: pre-impact types, such as spring droughts that exacer-
bate summer heatwave; simultaneous types, such as severe heatwave
and drought events; sequential types, such as sustained daytime and
nighttime heatwave events; and spatially linked, multiple event types,
which have common impact effects in space (Zscheischler et al., 2020).
CDHWs may be closely related to land atmospheric feedback, internal
forcings (ENSO), changes in subsurface conditions due to anthropogenic
activities, and hydrologic processes. Land atmospheric feedback affects
soil moisture and vegetation cover. ENSO may affect soil moisture and
vegetation cover by altering the atmospheric circulation pattern,
anthropogenic activities alter the surface heat and moisture character-
istics, and hydrologic processes, especially surface runoff and evapo-
transpiration, and changes in these conditions may cause changes in
CDHWs (Domeisen et al., 2022; Hao, 2022; Hao and Singh, 2020). Re-
searchers used return period and joint probability methods to study the
changes and driving factors of agricultural compound dry heat events in
eastern China, highlighting that the enhanced soil moisture-temperature
dependence plays an important role in the increase of compound events
(Zhang et al., 2022). Some researchers have also assessed the changes of
dry-heat compound events in China by defining Standardized Com-
pound Event Indicator (SCEI) and Standardized Dry Hot Index (SDHI)
based on precipitation and temperature on a monthly scale. The study
found that the severity of dry-heat compound events increased signifi-
cantly in most regions of China, and that temperature contributed more
to the dry-heat compound events (Wu et al., 2020a). Despite extensive
research on CDHWs, the differences in CDHWs between drylands and
humid areas and the factors that dominate them are not known (Le et al.,
2020; Pyrgou et al., 2020; Reddy et al., 2022).

The expansion of drylands is on an accelerating trend and is expected
to reach half of the land area by the end of the century (Huang et al.,
2016). Increased warming could lead to more extreme events as
droughts increase (Li et al., 2017), Attention to the differences between
drylands and humid areas appears to be crucial. Furthermore, research
on the occurrence and evolution of CDHWs in drylands can explore how
these areas cope with climate change while still promoting ecological
security as well as sustainable economic and social development in the
affected regions (An et al., 2021). Grasping the characteristics of
changes in extreme compound events will help provide a scientific basis
for disaster prevention and mitigation in response to climate change
(Hoover et al., 2022; Ridder et al., 2022; Zhou and Yuan, 2022). In
summary, there is an urgent need to understand the changing character
of CDHWs. The potential for CDHWs to cause serious impacts should be
addressed in a rational manner. This paper uses the daily maximum
temperature (Tmax) and monthly-scale self-calibrated Palmer Drought
Severity Index (sc-PDSI) datasets. Unites multiple research indicators of
CDHWs, based on their occurrence in drylands and humid areas globally
from 1961 to 2020. It will focus on the following three main points: (1)
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the evolution pattern of CDHWs under different zonation conditions,
emphasizing the difference in the occurrence of CDHWs in drylands and
humid areas; (2) CDHWs and compound wet-heatwave events are
compared. The transition of CDHWs and compound wet-heatwave
events from the past period (1961-1990) to the recent warm period
(1991-2020) is also investigated; and (3) determining the relative
contribution of droughts and heatwaves to CDHWs and their compound
on the difference areas.

2. Materials and methods
2.1. Data source

The precipitation and potential evapotranspiration data required for
aridity index (AI) calculations were obtained from the University of East
Anglia Climate Research Center (CRU) of TS v4.05 dataset (1961-2020)
(https://crudata.uea.ac.uk/cru/data/). Potential evaporation was
calculated using the FAO Penman Monteith formula, as the
Thornthwaite equation only considers temperature (Harris et al., 2020).
The Al is defined as the ratio of precipitation to potential evapotrans-
piration (Li et al., 2019) and can be used to classify climates in different
regions (Baltas, 2007). Fig. 1(a) illustrates the world divided into arid
and humid areas, with the arid area further divided into eight global arid
areas. Due to the absence of CDHW results in hyper-arid areas, we
masked CDHWs and retained only four types: arid, semi-arid, dry--
semihumid, and humid areas. The results of this division are consistent
with the research results of Huang et al. (2016).

Using daily Tmax data from the Berkeley Earth Surface Temperature(
project (http://berkeleyearth.org/data/), the resolution of the data was
1°, a preliminary pooled dataset was created by merging 1.6 billion
temperature reports from 16 existing data archives (Rohde and Haus-
father, 2020). We also used the 1981-2020 Climate Prediction Center
(CPC) Tmax data (https://www.esrl.noaa.gov/psd/; spatial resolution
of 0.25°) . Comparison of CPC data and Berkeley data for CDHWs.
Self-calibrating Palmer Drought Severity Index (sc-PDSI) from Climate
Research Unit (CRU) (https://crudata.uea.ac.uk/cru/data/drought/)
(Barichivich et al., 2019), the resolution of the data was 0.5°. The
sc-PDSI is based on a monthly scale and includes methods for dynami-
cally calculating constants. It uses characteristics of each station loca-
tion and can be applied to meteorological, agricultural and hydrological
drought situations (Wells et al., 2004). In order to ensure the consistency
of temperature data sources in heatwaves and droughts, the analysis
obtained a correlation coefficient of 0.99 between Berkeley Tmax and
CRU_Tmax, which basically avoids the error of CDHWs caused by
inconsistency of temperature data sources (Fig. S1). In order to calculate
CDHWs, sc-PDSI was interpolated to a 1° spatial resolution by bilinear
interpolation.

2.2. Methods

2.2.1. Define heatwave events and drought/wet events

Relative threshold methods suitable for large regional scales are
often used to calculate heatwaves. This approach, in which heatwave
occurrence is confirmed when the daily maximum temperature exceeds
the 90% threshold for at least three consecutive days, also has good
applicability of its relative threshold for various climate areas
(Mukherjee and Mishra, 2021; Perkins-Kirkpatrick and Lewis, 2020). We
calculated different thresholds for all grid points in the world in the time
direction. The thresholds were defined based on 60 temperature samples
corresponding to the highest temperature for each grid point every day
from 1961 to 2020. Finally, the daily maximum temperature and the
different thresholds of grid points were calculated in order to compare
and judge whether a heatwave has occurred. If the value of the sc-PDSI
reaches the threshold of drought/wet, we consider that a drought/wet
event has occurred, That means sc-PDSI < —1 is defined as a drought
event, and sc-PDSI>1 is defined as a wet event (Maule et al., 2013).


https://crudata.uea.ac.uk/cru/data/
http://berkeleyearth.org/data/
https://www.esrl.noaa.gov/psd/
https://crudata.uea.ac.uk/cru/data/drought/
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Fig. 1. (a) Study area: drylands and humid areas based on aridity index (AI) classification, (b) schematic diagram of the mechanism of drought-heatwave compound
events (orange shading represents the occurrence of CDHWs events, for the year 2020, 67°N, 110°E and marked with a purple pentagram in Fig. 1a). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.2.2. Define CDHWs and compound wet-heatwave events

CDHW s are derived based on the intersection of drought and heat-
wave information. Firstly, the daily-scale temperature data are sorted in
the time direction to identify heatwaves, different heatwave indicators
are then defined based on heatwaves, including six indicators of fre-
quency, duration and intensity (Table 1), and the conversion of daily-
scale heatwave characteristics to monthly scales is based on the fre-
quency, duration and intensity of occurrence in each month, and finally
combined with the monthly-scale drought indicators. In general, heat-
waves that occur under drought conditions are considered a CDHW
event (Hao and Singh, 2020; Sutanto et al., 2020). Among them, mul-
tiple heatwaves within a drought event correspond to multiple CDHWs
(Fig. 1(b)), which further represents the occurrence process and dura-
tion of CDHW .

The total frequency of CDHWs (DHF) is defined as the total frequency
of CDHWs in a month/year, and the maximum duration of CDHWSs in
days (DHD) is defined as the maximum number of days when a CDHW
occurs in a month/year. The total occurrence days of CDHWs (DHO) is
defined as the sum of the total occurrence days of CDHWs in a year/
month. The average magnitude of CDHWs (DHM) is defined as the ratio
of the DHF and the sum of drought days in a month/year, namely DHF/
drought. Introduce cumulative heat into CDHWs as a new indicator
(Perkins-Kirkpatrick and Lewis, 2020), the cumulative heat of CDHWs

Table 1
Definition of CDHW indicators.
Type Short Definition Units
Name
Frequency = DHF Total frequency of CDHWs event
Duration DHD Maximum duration of CDHWs in days day
DHO Total occurrence days of CDHWs day
Intensity DHM Average magnitude of yearly CDHWs event yr !
DHC Cumulative heat of CDHWSs °C
DHA Temperature anomalies of yearly °Cyr !

CDHWs

(DHC) was defined as the extra cumulative heat exceeding the heatwave
threshold under drought conditions. This represents the sum of outliers
between each heatwave day and the 90th percentile (Wang et al., 2022):

DHO

DHCym = E Tanom (@)
1

Where DHCy ., represents the cumulative heat in a year, DHO repre-
sents the sum of all heatwave days in a year, and Tapom represents the
temperature anomaly between all heatwave days and the heatwave
threshold in a year.

Temperature anomalies of the yearly CDHWs (DHA) are defined as
the average temperature anomalies of CDHWs, specifically defined as
the cumulative heat of CDHWs in a year/total number of drought days in
the year:

DHCYcum

DHAuom =———— 2
drought &)

Where DHA,,om represents the average temperature anomaly of CDHWs
in one year, and drought represents the total number of drought days in
the year.

To compare these indicators with those of CDHWs, we calculated the
compound wet-heatwave events (wet state [sc-PDSI>1]). We then
judged whether there were significant differences among the CDHWs
and compound wet-heatwave events indicators. Compound wet-
heatwave events indicators correspond to CDHWs and are called
WetDHF, WetDHD, WetDHO, WetDHM, WetDHC, and WetDHA.

2.2.3. Statistical methods

In order to better explore the internal relationship between com-
pound events, we applied three statistical methods. The first is Bayesian
change point analysis (BCP), where the abrupt change point is the
sudden change of parameters in the time series, characterized by any
combination of parameters (Adams and MacKay, 2007; Barry and
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Hartigan, 1993). We selected a univariate mutation point detection
method, using it to obtain the probability of mutation of the corre-
sponding mutation point. Specifically, the world is divided into arid
regions and humid regions, and mutation points are detected for six
indicators, respectively. Details on the mutation points, occurrence time
and probability statistics can be found in Table S1. Detailed methodo-
logical explanations and formulas can be found in the methodology
section of the supplementary material. The second statistical method we
use here is Empirical Orthogonal Function (EOF) analysis. EOF can
analyze spatio-temporal modal changes of CDHWs and structural fea-
tures in matrix data and also extract the main data feature quantities
(Wang et al., 2022). It decomposes the variable field that changes with
time into a space function that does not change with time as well as a
part that depends only on the time function. To simplify spatio-temporal
datasets by transforming them into spatial modes of physical quantities
and projecting them onto time, EOF has been widely used in meteo-
rology, oceanography and hydrology (Braud and Obled, 1991; Zhu et al.,
2021).

We defined 1961-1990 as the past period and 1991-2020 as the
recent warm period (Jung and Schindler, 2022). Then we established the
multiple linear regression model between CDHWs, sc-PDSI and heat-
wave, and the relative contributions of heatwaves and the sc-PDSI to
CDHWs were respectively calculated by H. Wu et al. (2021) and X. Wu
et al. (2020), as follows:

Y =a x scPDSI + b x Heatwave + ¢ 3

Where Y represents the amount of change in CDHWs caused by drought
and heatwave, a and b represent the regression coefficient, and c rep-
resents the constant.

Based on Eq. (3), the contribution and relative contribution of the sc-
PDSI and heatwaves can be calculated as:

Cqcrpsi = (ax AscPDSI) | ACDHWs )
Chicavave = (bx AHeatwave) | ACDHWs 5)
RCyeppsi = |Csepsi| / (|Cscppsi| =+ [Chicanvave|) (6)
RCheanvave = |Criearwave| / (|Cscrpst] + | Chreanvave ) @)

Where Cgeppsy and Cregnyave Tepresent the contribution of drought and
heatwave; AscPDSI, AHeatwave and ACDHWs represent the average of
drought index, heatwave index and CDHWs index variation in the first
30 years and the last 30 years, respectively, and RCscpps; and RCreanvave
represent the relative contributions of drought and heatwave to CDHWs.

The Granger Causality Test (GCT) is used to detect causality in time
series, assessing whether one time series predicts changes in another
based on a causal lag model. In a recent study, Green et al. (2017)
analyzed the feedback between the biosphere and the atmosphere,
which showed their regional differences. The stationarity of time series
is the premise of GCT. Firstly, the stationarity and co-integration tests of
time direction are carried out on grid points, one by one. Augmented
Dickey-Fuller (ADF) is an effective method for testing the stationarity of
time series (Giilen, 1996). The tested data can be analyzed using GCT
(Fig. S2), establishing two regression models of stationary time series,
which are assumed to be X = {x;} and Y = {y;}:

V=a+ > Bxoi+ Y v e ®
t=1 t=1

Where f, is the trend item of time series data X, y; is the trend item of
time series data Y, n is the maximum lag order of variables Xand Y, a is a
constant term, and ¢, represents the residual term.

In constructing the F statistic for the significance level test, the null
hypothesis is that X is not the Granger cause that results in Y. If it passes
the significance level test, the null hypothesis should be rejected, that is,
X is the Granger cause that results in Y:

Weather and Climate Extremes 42 (2023) 100632

_RSg —RSy N-2n-1

F
RSy n

~ F(n,N—2n—1) (C)]

Where RSy is the sum of squares of the regression model established
without considering X and when g, = 0. RSy is the sum of squares of the
regression model established when X is considered and g, #0.

3. Results
3.1. Spatio-temporal variations of compound events in different regions

DHO represents an indicator of the duration of CDHWs, while DHC
represents an indicator of the intensity of CDHWs. Fig. 2 shows the
variability of CDHWSs on a monthly scale. As can be seen, there is a sharp
increase in both DHO and DHC month by month over the past 60 years
(1961-2020), especially during the recent warm period (1991-2020),
which nearly doubled compared to the past period (1961-1990).
Further, there was an abrupt increase in DHO around 1997, and finding
that DHO_drylands had the highest probability of mutation in 1997 at
0.706 by Bayesian mutation test (Table S1), which may be related to the
shift in global temperature during this period, with a fluctuating in-
crease in global temperature after 1980 and a jump between 1990 and
2000 (Hansen et al., 2006). There are no significant seasonal differences
in DHO, but there are more anomalies in the last decade in particular,
concentrated in summer and autumn. The DHC has more anomalies in
the recent warm period in winter and spring compared to summer and
autumn on a monthly scale, indicating a higher magnitude of heat
accumulation in winter and spring.

CDHWs in drylands increased to varying degrees in time and space
across the six assessed indicators for frequency, duration, and intensity
(Fig. 3). The trend of spatial increase more pronounced in the drylands,
where the rate of increase was nearly double that of the humid areas.
The multi-year average intensity of CDHWs shows the same results
(Figs. S3(a-f)), with the intensity of drylands generally stronger than
that of humid areas. Meanwhile, the indicators of compound wet-
heatwave events are higher on average in the humid areas than in the
other areas, but still generally lower than the average intensity of
CDHWs (Figs. S3(g—i)). The spatial areas where the frequency of CDHWs
(DHF) increases significantly are basically in the drylands (Fig. 3(a)).
Specifically, East Australia, Central Asia, North Africa and western
Europe trends increase more significantly, reaching 0.12 events yr!,
with arid and semi-arid areas showing greater variability with the wetter
areas and globally.

Overall, CDHWs exhibit essentially the same regional increases in
duration (DHD, DHO) (Fig. 3(b—c)). The regions where the total number
of days of CDHWs occurred increased with a corresponding rise in their
maximum duration. The same volatility is apparent in the time series
variations. DHD and DHC show a significant increasing trend in the
drylands and a slow decreasing trend in the humid areas. On the other
hand, duration (DHM, DMC, DHA) indicators for CDHWs are relatively
slow to increase regionally (Fig. 3(d-f)). Of these, DHM and DHA
showed little regional variability, with DHA exhibiting stronger fluctu-
ations and increasing trends in the humid areas, while DHC remained
significantly different from the changes in the drylands and humid areas.

3.2. Differences between CDHWs and compound wet-heatwave events

Bayesian change point analysis (BCP) has been used for many years
to detect mutations in CDHWs. In this study, Bayesian mutation point
detection analysis was performed for CDHWs occurring in drylands and
humid areas. The corresponding probability statistics are presented in
Table S1. As can be seen in the table, the number of significant mutation
points in the drylands was around 5 (probability value > 0.6) which is
relatively small. Nonetheless, each indicator had a higher interannual
growth rate compared to the humid areas (Figs. S4(a—f)). In contrast,
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Fig. 2. Monthly and annual means of CDHWs are given on the panel axes (The brown curve represents the average over all years and all months on the top and right,
respectively). (a) Global monthly-scale DHO distribution, (b) global monthly-scale DHC distribution. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

CDHWs in humid regions showed multi-variability, with mutation
points in almost all indicators. Specifically, the total number of mutation
points reached 11, more than double that of the drylands, with most of
the mutation events occurring in the humid areas in DHF and DHO
(Figs. S4(g—i)). CDHWs in the drylands have a large base and a faster
growth rate, whereas in the humid areas, the fluctuation range is larger.

The multi-year mean of each indicator can be a good reflection of the
state of the average distribution over the years. Accordingly, we calcu-
lated the difference between the multi-year mean of each indicator of
CDHWs and compound wet-heatwave events (Fig. 4). As depicted in
Fig. 4, the multi-year average intensities of the CDHW indicators are
spatially stronger compared to the heatwave (sc-PDSI) indicators, which
are nearly twice as intense and more pronounced in most drylands,
particularly in Australia, South Africa and North America. The differ-
ence shows that most of the world is positive, with only the high lati-
tudes of the northern hemisphere showing significant negative values,
which may be related to the amplification effect of the Arctic. The arctic
region has warmed almost four times faster than the rest of the world
over the past four decades (Rantanen et al., 2022), exacerbating heat-
wave events.

We also found significant differences between CDHWs in drylands
and humid areas, with non-significant differences for DHM and DHA
indicators (Fig. 5(a—f)). Compound wet-heatwave events indicators are
significantly different between drylands and humid areas and between
drylands and globally (Figs. S5(a—f)). Further analysis of the intensity
ratios between CDHW and compound wet-heatwave events metrics
revealed that CDHWs were higher than compound wet-heatwave events
in terms of frequency, intensity, and duration (Fig. 5(g-i)). At a global

scale, the highest ratio of DHO intensity can be up to 2.04, with higher
ratios for each indicator of CDHW in the drylands. In humid areas,
however, the ratio of intensity between each indicator of CDHW and
compound wet-heatwave events is > 1, with an intensity about 1.3 times
higher. Table S2 presents the values of the ratios under each condition.
As can be seen in the table, CDHWs are more frequent and more intense
compared to compound wet-heatwave events in both drylands and
humid region.

In the past (1961-1990) and recent (1991-2020) periods, 1990 and
2020 were selected as representative years to find the driest and hottest
grid points occurring on a whole-year scale. Based on temporal direc-
tional ordering, and against all occurrences of drought, heatwaves,
compound events and shifts in heatwave thresholds, it was found that
there were significantly more compound events in representative years
of both periods, particularly in April and November, and heatwave
thresholds also increased by around 5 °C°(Fig. S6). Three indica-
tors—DHF, DHD, and DHC—were selected to fit the kernel density of
compound events occurring in drylands and humid areas during the base
and control periods. CDHWs were found to occur in the past period at
higher densities at lower frequencies, while the indicator values of
CDHWs shifted towards higher values in the recent warm period. In
other words, there was a significant increase in CDHWs during the
transition phase from the past period to the recent warm period (Fig. 6).

3.3. Dominant factors and compounding effects of CDHWs

A multiple linear regression model was used to quantify the relative
contribution of heatwave indicators and the sc-PDSI to CDHWs (Fig. 7
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Fig. 3. (a—f) Spatial trend distribution of the six indicators of CDHWs and their time series variations in drylands and humid areas, divided by AI (black points
highlight a 95% significance level).



C. Wang et al. Weather and Climate Extremes 42 (2023) 100632
ng
WetDHF Difference (a)
60°N 60°N ]
30°N 30°N
0] o
30°8 4 30°8 4
60°8 L — . T ; . 60°8 L — : : T . 0°8 : ; . ; T T
150°W 100°W 50°W 0°W  S0°E  100°E 150°E 150°W 100°W 50°W 0°W  50°E  100°E 150°E 150°W 100°W 50°W 0°W  S0°E  100°E 150°E
I vents) Events)
3 4 3 -2 -1 0 1 2 3 4
Difference (b)
60°N 60°N 60°N
30°N 30°N 30°N
0°4 0° 0°4
30°S 30°S 30°8
60°S 60°S 60°S

T T T T T T
150°W 100°W 50°W  0°W  50°E  100°E 150°E

6 i

T T T T T
150°W 100°W 50°W  0°W  50°E

I (Days)

T T
100°E  150°E

T T T T
150°W 100°W 50°W  0°W  50°E

T T
100°E  150°E

(Days)

Wetl

DHO

60°8 Ay oy ; . . . 60°8 Ay ey ; e . 0°8 4y ey . ; . -
150°W 100°W 50°W  0°W  SO°E  100°E 150°E 150°W 100°W S0°W 0°W  SO°E  100°E 150°E 150°W 100°W S0°W 0°W  SO°E  100°E 150°E
1 —(Days) (Days)
16 20 24 -18 -2 60 1218 24
WetDHM Difference (d)
60°N 73 60°N 1%
30°N 30°N 4
00 04
3008 30°8 4
60°S g T T T T T T 60°8 L T T T T T T 60°8 T T T T T T
150°W 100°W 50°W 0°W  SO0°E  100°E 150°E 150°W 100°W 50°W 0°W  50°E  100°E 150°E 150°W 100°W 50°W 0°W  50°E  100°E 150°E
(Events yr'!)
e - (Events yr)
0 0.01 0.02 0.03 0.04 005 0.06 ~0.02 001 0 001 002 003 004
DHC WetDHC Difference (e)
60°N
30°N
003
30°8 4
60°8

T T T T T T T
150°W 100°W 50°W  0°W  50°E  100°E 150°E

— (°C)
6 7

T T T T T T T
150°W 100°W 50°W  0°W  50°E  100°E 150°E

(0

0 2 6

WetDHA

®

Difference

60°8 Lt —t : — : 60°8 Lt —t ; . ; : 0°8 L — ; . . .
150°W 100°W 50°W 0°W  50°E  100°E 150°E 150°W 100°W 50°W 0°W  50°E  100°E 150°E 150°W 100°W 50°W 0°W  50°E 100°E 150°E
oy —1 0y —1
I [ 3 ] e (°C yr') Cyr™)
0 0.01 0.02 0.03 0.04 0.05 0.06 —0.045-0.03 —0.015 0 0.015 0.03 0.045

Fig. 4. Comparison of multi-year average differences between CDHWs and compound wet-heatwave events for each indicator (multi-year average of CDHW in-

dicators subtracted from multi-year average of compound wet-heatwave events).

(a—d)). The relative contribution of heatwaves to CDHWs is high in
drylands and significant in Central Asia, South America, Southern Africa
and Australia, particularly in the Southern Africa and Australia dry-
lands, where the relative contribution can reach more than 80%.
Furthermore, it can be observed that in most drylands, the contribution
of heatwaves to compound events is dominant, whereas in humid areas
the opposite result is observed (Fig. 7(e-h)). The contribution of the
droughts is high in Europe and northern Asia, with relative contributions

of around 70% in most areas, which are largely in humid areas; the
CDHWs in those areas are largely dominated by the droughts. It can also
be demonstrated by the spatiotemporal correlation between sc-PDSI,
heatwaves and CDHWs in drylands and humid areas. The correlation
between compound events and heatwaves is higher in drylands than in
humid areas, and can be on average about ten percentage points higher.
At the same time, high density scatter is concentrated in areas of high
values and occurs with greater intensity in arid areas (Figs. S7(a and c)).
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Fig. 5. (a-f) Distribution of each indicator of CDHWs in drylands and humid areas, showing whether there is a significant difference between them by t-test ("****,

, **, * represent 0.1%, 1%, 5%, 10% significance levels, respectively), (g-i) Comparison of the mean intensity of CDHWs and compound wet-heatwave events in
drylands and humid areas; detailed ratio values can be found in Table S2.

The spatial correlation between CDHWs and heatwaves is higher in
drylands, especially in Australia, South Africa, North America and
Central Asia, where the correlation coefficient can reach around 80%
(Fig. S8). This demonstrates a higher correlation between the droughts
and CDHWs in humid areas than in drylands (Figs. S7(b and d)). The
degree of explanation for the correlation is about 15% higher in the

drylands than in humid areas. In terms of spatial correlation, between
the droughts and CDHWs the correlation is higher in humid areas,
especially in Europe, northern Asia and North America, with a correla-

tion coefficient of about 0.5 (Fig. S9).

The spatial mode can be analyzed for its contribution to the overall
spatial field, and the temporal coefficients can be analyzed for the
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Fig. 6. Using 1961-1990 as the past period and 1991-2020 as the recent warm period, we studied the density shift characteristics of each indicator of CDHWs in the
two periods for drylands and humid areas (transitional represents the shift of CDHWs in drylands or humid areas).

weight of the corresponding spatial contribution at a given epoch. We
performed a multivariate EOF analysis of the normalised heatwave (days
of occurrence, cumulative heat), droughts, and CDHWs (DHO, DHC)
series. The cumulative variance contribution of the first three eigen-
vectors of the EOF amounts to about 30%, which basically reflects the
modalities of the spatio-temporal distribution corresponding to those of
heatwave, droughts and CDHWs. The modalities of the compound
events were analyzed mainly on a monthly scale, with EOF1 and EOF2 of
DHO reflecting the most severe DHO in regions with the most severe
heatwave (days of occurrence), droughts and the longest heatwave, and
vice versa.

Figs. S10(a-b) EOF3 shows heatwave (days of occurrence) and the

sc-PDSI in areas with the most severe droughts and longest days of
heatwave occurrence, but relatively little DHO occurrence (Fig. S10c).
The EOF1 and EOF3 of the DHC reflect the lower cumulative heat of
CDHWs in the regions where heatwave (cumulative heat) droughts is
most severe and is the dominant spatial distribution pattern (Figs. S11(a
and c)). In contrast, EOF2 reflects the higher accumulation of heat in
CDHW s in areas where heatwave (cumulative heat), droughts is most
severe, corresponding to the dominant spatial distribution pattern of
DHO (Fig. S11b). The results show that the time coefficients of DHO and
DHC are generally more positive than negative in part and contribute
positively to the spatial field, and there is a good positive correspon-
dence between CDHWSs, droughts, and heatwaves.
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In considering the optimal lag (Fig. S12), we analyzed the Granger
causality of the droughts and heatwaves on CDHWs (Fig. 8). The results
show strong spatial correlations and compounding effects. At the 0.1
significance level, 39.1% (DHO&heatwave) of the heatwave and 45.8%
(DHD&sc-PDSI) of the droughts for CDHWs can be explained by the
Granger test using the BEST model, with a higher percentage of
explanatory power in the drylands compared to humid areas (Table S3).
Furthermore, the spatial distribution of Granger causality of the
droughts and heatwaves on CDHWs has the same spatial distribution
characteristics in Australia, South Africa, North America, Central Asia
and Northern Asia. This indicates that the Granger causality of the
droughts and heatwaves on CDHWs is strongly spatially correlated and
compounding effects in these drylands.

Granger’s optimal lagging results remain largely unchanged at
around 3 years, with most regions having a lagging effect of 1-2 years. In
general, the lagging effect of heatwaves is longer than the lagging effect
of the droughts, particularly in Australia, Europe, South America and
northern Asia. Additionally, the lagged years of heatwaves are longer in
most drylands, while the lag of the droughts is longer in most humid
areas compared to drylands (Fig. S12).

4. Discussion

This study focuses on the intensity changes of CDHWSs and compound
wet-heatwave events and their evolution patterns under different dry
and wet conditions on a global scale from 1961 to 2020, and analyzes
the intensity differences between the two in depth, with a special focus
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on the relative contributions of droughts and heatwaves to CDHWs and
their compounding effects in different drylands and humid areas, and
the study provides new insights into CDHWSs. The results of CDHWs
calculated in this paper using CPC data and Berkeley data are in high
consistency (Fig. S13). We found that CDHWs increased twice as much
as compound wet-heatwave events, and that the frequency of CDHWs
was concentrated in Australia, India, southern Africa and western North
America, which is consistent with previous studies (Bevacqua et al.,
2022; Fan et al., 2022; Wu et al., 2020b). The difference is that com-
pound wet-heatwave events are mainly concentrated in northern Asia.
In addition, the relative contributions of drought and heatwaves have
more similar spatial distribution patterns, especially in the drylands
where the contributions are higher (Wu et al., 2021). It was found that
the relative contribution of heatwaves to CDHWs dominates in the
drylands, due to the high regional variability of heatwaves (Liang et al.,
2022; Perkins-Kirkpatrick and Lewis, 2020). Warming is greater in the
drylands than in the humid areas (Li et al., 2017), often leads to more
frequent heatwaves in drylands. Based on Coupled Model Intercom-
parison Project Phase 6 (CMIP6) data model simulations, CDHWs will
continue to increase in frequency and intensity through the end of the
21st century, with approximately 20% of the global land area exposed to
CDHWs lasting up to 25 days per year (De Luca and Donat, 2023; Tri-
pathy et al., 2023).

Geographic location, climatic characteristics, and surface conditions
influence the different manifestations of droughts, heatwaves, and
CDHWs, including temperature, precipitation, and soil properties (Lian
et al., 2021). Tmax in the drylands was twice as high as in the humid
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Fig. 8. Results of Granger causality test between droughts, heatwaves and CDHWs, with the percentages calculated at different significance levels.

areas (Fig. S14). The intensity of occurrence of CDHWSs was higher in the
drylands than in the humid areas. Droughts occurring in drylands are
often characterized by prolonged and intense droughts (Berg and
McColl, 2021), when combined with heatwaves, may further lead to
more severe drought conditions (Li et al., 2021). Heatwaves in the
humid areas are often characterized by high humidity, which can lead to
extreme heat in the short term, posing a threat to human health and
ecosystems (Chen et al., 2022). CDHWs can lead to more extreme and
prolonged high temperatures and droughts with severe agricultural,
ecological and socio-economic impacts (Zscheischler et al., 2020). It has
been found that the humid areas cumulates more heat than the drylands,
which gradually raises the threshold for the occurrence of heatwaves in
the humid areas, leading to the occurrence of more intense heatwaves.
We find that heatwave thresholds increased by about 5 °C from 1961 to
2020. Understanding these differences and the factors influencing them
can help to better respond to droughts, heatwaves and CDHWs in
different areas. Targeted coping strategies and policies are developed to
mitigate their adverse ecological and human social impacts (Hao and
Singh, 2020; Zscheischler et al., 2020).

The reasons for this variability are complex and varied, including
threshold selection, model differences (process-based or statistical
models), spatial and temporal scales of the data, methodological selec-
tion of CDHWs, and drought indicator definitions (Hao and Singh,
2020). Uncertainty in mean precipitation trends is strongly modulated
by large-scale atmospheric circulation (Green et al., 2017). The signifi-
cance of precipitation trends may determine the occurrence of future
CDHWs, and changes in CDHWs depend on models, regional charac-
teristics, and internal climate variability (Bevacqua et al., 2022).
Drought indices tend to have more room for choice, depending mainly
on the measure, applied to meteorological drought or hydrological
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drought, Standardized Precipitation Index (SPI), Standardized Precipi-
tation Evapotranspiration Index (SPEI), sc-PDSI, Standardized Runoff
Index (SRI), etc., have been studied, and are mainly different for the
selection of the study object (De Luca and Donat, 2023; Mukherjee and
Mishra, 2021; Yin et al., 2022). Sensitivity of sc-PDSI to critical
thresholds defining drought and wet conditions found that drought
(sc-PDSI = —1) was more sensitive compared to the wet threshold
(sc-PDSI 1), with drought critical thresholds exhibiting higher
percentile distributions such as in southern Africa and Australia
(Fig. S15). An in-depth investigation of these differences can reduce
uncertainty and enhance knowledge about CDHWs.

The occurrence of CDHWs is often driven by climatic conditions with
multivariate influences, which in turn result in spatial compounds, and
analyzing the uncertainty of the influencing factors that contribute to
this phenomenon will help us to better cope with extreme climate events
(Zscheischler et al., 2020). Droughts, heatwaves or CDHWs are often
triggered by anticyclonic flow patterns, which in turn are limited by
various surface fluxes (Mitchell et al., 2016), and can result in different
spatial patterns regionally due to temperature and precipitation anom-
alies (Konapala et al., 2020). Multivariate dependence is closely related
to the likelihood of CDHWs occurring, and changes in atmospheric cir-
culation or terrestrial air feedbacks in the context of global warming
may lead to changes in the structure of multivariate dependence of
CDHWs, increasing the risk of ecological or economic and social impacts
of CDHWs (Hao and Singh, 2020). Elevated summer VPD will exacerbate
drought events, warmer temperatures will increase the occurrence of
hotter droughts, and heatwaves will become more frequent (Gazol and
Julio Camarero, 2022). Exacerbation of soil drought and atmospheric
drought may lead to an increase in snow drought (Snow drought is a
period of unusually low snowpack for the time of year) events, which
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further contributes to an increase in heatwave events (Li and Wang,
2022). The impact of human activities on the occurrence of CDHWs is
not negligible (Chen et al., 2022; Mukherjee and Mishra, 2021). Ur-
banization and human activities have been found to significantly in-
crease the incidence of extreme summer heat in China, so the impact of
anthropogenic factors on heatwaves and droughts cannot be under-
estimated (Zhang et al., 2021). In addition, we found that CDHWs tend
to cumulate higher heat in winter and spring. Possibly due to anoma-
lously high surface temperatures and frequent droughts, the impact of
CDHWs on ecosystems in winter and spring is a topic of concern (Yin
et al., 2022, 2023).

There is an urgent need to enhance multi-model integration in the
future to deepen the understanding of CDHWs and provide new op-
portunities for climate change mitigation (Bevacqua et al., 2022). We
should fully consider the regional characteristics of drylands and humid
areas and scientifically select different disaster factors in order to deeply
study the physical mechanisms within these areas, especially the for-
mation mechanism of CDHWs in drylands and humid areas. There is also
a need to strengthen the capacity to respond to the adverse impacts of
CDHWs on agriculture, ecology and public health. Research on CDHWs
provides substantial support to policy makers in addressing climate
change and deserves the full support and attention of countries and
relevant sectors.

5. Conclusions

(1) CDHWs have generally increased in global spatial and temporal
trends, with the rate and average intensity of increase in drylands
nearly double the increase in humid areas. CDHWs have
increased significantly in the recent warm period (1991-2020)
compared to the past period (1961-2020), with no significant
seasonal differences in DHO. However, more anomalies have
appeared in the last decade. Specifically, DHC has more anoma-
lies in the recent warm period as well as a higher magnitude of
heat accumulation in winter and spring.

The multi-year average intensity of each indicator of CDHWS is
spatially stronger compared to the multi-year average intensity of
each indicator of compound wey-heatwave events, which is
nearly twice as intense and more pronounced in most drylands,
especially in Australia, South Africa and North America. In-
tensities were around 1.3 times higher, indicating that CDHWs
are more frequent and more intense compared to compound wet-
heatwave events in both drylands and humid areas.

Heatwave (cumulative heat), sc-PDSI is most severe in regions
where CDHWs are also more severe, which is the dominant
spatial distribution pattern. Furthermore, the relative contribu-
tion of heatwaves to CDHWs is higher in most drylands, partic-
ularly in Southern Africa as well as the Australian drylands. The
relative contribution of the droughts to CDHWs is higher in most
of the humid areas, with a relative contribution of around 70%.
There was a strong spatial correlation and compounding effects of
droughts, heatwave and CDHWs, taking into account the optimal
lag. At the 0.1 significance level, 39.1% (DHO&heatwave) of
heatwave and 45.8% (DHD&sc-PDSI) of droughts on CDHWSs can
be explained by the Granger test, with a higher percentage of
explanatory power in the drylands compared to the humid areas.

(2
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