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ARTICLE INFO ABSTRACT

Keywords: Global warming can result in changes in droughts and hot events (or compound droughts and hot events,
Drought CDHESs), which can take a heavy toll on the society and environment. Recent studies have made substantial
Dry and hot progress in the projection of these events. However, previous projection studies mostly focus on the concurrences
giﬂ?}fgund events of meteorological droughts and hot events but ignore the difference among various CDHEs. Specifically, the

concurrence of hot events and different types of droughts (e.g., agricultural droughts and hydrological droughts)
has been seldom explored from a hydrological perspective. Based on phase six of the Coupled Model Inter-
comparison Project (CMIP6), we evaluate changes in different types of CDHEs, including compound meteoro-
logical drought-hot events (CMDHEs), compound agricultural drought-hot events (CADHEs) and compound
hydrological drought-hot events (CHDHEs), for different future periods at the global scale. Based on comparisons
with data from Global Land Data Assimilation System Version 2 (GLDAS-2.0), CMIP6 can reproduce the overall
spatial distribution and temporal variation of different CDHEs at the global scale. In addition, the frequency and
spatial extent of the three compound events show a marked increase during different future periods relative to
the base period 1995-2014. The projected increase in global average frequency of CMDHE:s in the long term
period is lower than that of CADHEs (increase by 73.74% and 113.95% for CMDHEs and CADHE:s, respectively).
The uncertainty in the simulation of CADHEs and CHDHE:s is relatively larger than CMDHEs in the future periods
over most regions. The results of this study highlight the urgent demand for adaptation measures of CDHEs to
cope with compound extremes in the future.

1. Introduction

The concurrent or consecutive occurrences of multiple hazards or
events are commonly termed compound events, which can lead to
disastrous repercussions even though the individual hazards or/and
events may not be extreme (Hao et al., 2022; Leonard et al., 2014;
Zscheischler and Seneviratne, 2017). Among multiple types of com-
pound events, compound droughts and hot events (CDHEs) at different
time scales have attracted increasing attention recently (Feng et al.,
2021; Li et al., 2022; Mukherjee et al., 2020; Sippel et al., 2018; Wang
et al., 2016; Yuan et al., 2018; Zscheischler and Seneviratne, 2017).
Multiple lines of evidence have shown that CDHEs may lead to a broader
and larger impact on natural and social environments than do individual
droughts or high-temperature extremes (Poschlod et al., 2020; Zhou
et al., 2019; Zscheischler et al., 2020). For instance, significant impacts
of CDHE:s on food security, water resources, vegetation, settlements, and
infrastructure over various regions have been observed in the past

decades (Hao et al., 2022), such as 2003/2018 in Europe (Bastos et al.,
2020; Fink et al., 2004) and 2010 in Russia (Trenberth and Fasullo,
2012). In addition, a consensus already exists that CDHEs have
increased significantly in large regions of global land areas over the last
few decades (Feng et al., 2021; Hao et al., 2013; Kirono et al., 2017;
Manning et al., 2019; Mazdiyasni and AghaKouchak, 2015; Wu et al.,
2021a; Zscheischler and Seneviratne, 2017). The significant impacts and
increased occurrences of CDHE:s call for an improved understanding of
future changes in CDHEs, which can provide valuable information to
risk managers, decision-makers, and engineers under a warming
climate.

Recently, increased attention has been paid to the variation in high
temperature accompanied by precipitation deficits (i.e., compound
meteorological droughts and hot events, hereafter CMDHEs) during
future periods based on climate model simulations from Phase 5 of
Coupled Model Intercomparison Project (i.e., CMIP5) at the global scale
(Mukherjee et al., 2022; Sarhadi et al., 2018; Weber et al., 2020; Wu
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et al., 2021b; Zhan et al., 2020; Zscheischler and Seneviratne, 2017). For
instance, based on CMIP5 simulations under the Representative Con-
centration Pathway (RCP) 8.5 scenario, Wu et al. (2021b) showed global
area affected by CMDHESs will increase to about 1.7-1.8 times by the end
of the 21st century relative to that during 1950-1999. As a new gener-
ation of climate models, CMIP6 simulations under different Shared So-
cioeconomic Pathway-Representative Concentration Pathway (SSP-
RCP) scenarios combine both socioeconomic and technological devel-
opment and fill gaps in previous RCPs in CMIP5 model simulations
(O’Neill et al., 2016). The performance of CMIP6 models in CMDHEs
(Ridder et al., 2021; Wu et al., 2021c) has been assessed to understand
uncertainties in model simulations (Chen and Yuan, 2022; Muthuvel
et al., 2023). For instance, the useful skills of the CMIP6 models in
capturing the simultaneous occurrence of heat waves and meteorolog-
ical drought has been found in large regions including North America,
Europe, and Eurasia (Ridder et al., 2021). Based on CMIP6 simulations,
extensive studies have highlighted the potential increase in CMDHEs in
the future periods with continued global warming (Meng et al., 2022;
Ridder et al., 2022; Vogel et al., 2020; Wu et al., 2021c; Zhang et al.,
2022).

Arguably, a meteorological drought over an extended period due to
precipitation deficits may further result in depleted soil moisture (i.e.,
agricultural droughts) and declined runoff/streamflow (i.e., hydrologi-
cal droughts) (Van Loon, 2015; Vicente-Serrano et al., 2022). Different
types of droughts have increased in large regions along with enhanced
temperature-related extremes for historical periods (Dai, 2013; Spinoni
et al., 2014; Vicente-Serrano et al., 2022), which may increase the
likelihood of concurrence of temperature extremes and agricultural
(hydrological) droughts, plaguing agricultural systems (or crippling
energy sectors). Recent studies have paid increasing attention to the
changing patterns of agricultural (hydrological) droughts accompanied
by high temperatures. For instance, high-temperature extremes or
enhanced atmospheric evaporative demand (AED) can increase evapo-
transpiration, dry out vegetation and soil (Luo et al., 2017; Miralles
et al.,, 2019) and further cause depleted water resources (e.g., runoff,
streamflow, lake, and groundwater) (Brunner et al., 2021; Das et al.,
2011; Vicente-Serrano et al., 2014; Woodhouse et al., 2016), which may
damage agricultural production, affect the domestic water supply, and
reduce hydropower generation (Feng et al., 2022). Under anthropogenic
global warming, temperature will continue to rise in the future, which
may further increase the concurrence of high temperatures and different
types of droughts in the coming decades. The potential increase of these
extremes can result in risks that may cascade across sectors and regions
(IPCC, 2022), highlighting the paramount importance of risk assess-
ments of CDHEs based on different drought types (or different stages of
the water cycle) in the future. However, projections of different types of
CDHE:s for future periods on a global scale are still lacking.

The objective of this study, therefore, is to assess the spatial and
temporal variation in different compound droughts and hot events for
the future period on a global scale. Based on climate model simulations
from CMIP6, we first evaluate changes in different types of CDHEs
during the historical period through comparisons with the reference
data from Global Land Data Assimilation System (GLDAS). We then
project the changes in CDHEs for different future periods. We focus on
the SSP5-8.5 scenario, which assumes “the worst scenario” pathway
(O’Neill et al., 2016; Wang et al., 2021). Building on these assessments,
we try to answer two questions: (1) How do CMIP6 models perform in
simulating different types of compound events? (2) What is the differ-
ence in variation of different types of compound events during future
periods under the SSP5-8.5 scenario?

Journal of Hydrology 617 (2023) 129143
2. Data and Methods
2.1. Data

2.1.1. GLDAS

To assess the performance of CMIP6 models, we obtain monthly
temperature, total precipitation, soil moisture, and surface runoff from
the Global Land Data Assimilation System Version 2 (GLDAS-2.0). The
GLDAS-2.0 data with a 0.25-degree resolution spanning 1948-2014 are
provided by the National Aeronautics and Space Administration (NASA)
(Rodell et al., 2004). The soil moisture from GLDAS is divided into four
vertical layers including 0-10 cm, 10-40 cm, 40-100 cm, and 100-200
cm. Here, we focus on the shallow 0-10 cm soil moisture. All variables
are re-gridded to the same resolution of 2° x2° with CMIP6 models based
on the nearest-neighbor interpolation.

2.1.2. CMIP6 multi-model ensemble

Simulations of monthly 2-m near-surface air temperature (tas), total
precipitation rate (pr), top 10 cm soil moisture content (mrsos), and total
surface runoff (mrros) from CMIP6 models are selected for this study,
which includes simulations for the historical period (1955-2014 in this
study) and future periods. Following Intergovernmental Panel on
Climate Change (IPCC) Sixth Assessment Report (AR6) (IPCC, 2022), we
select three periods (i.e., 2021-2040, 2041-2060, and 2081-2100) to
define near term, mid-term, and long term to assess the future risk of
compound events. Models that include variables of interest for two ex-
periments (historical and SSP5-8.5) are selected. In total, we selected
thirteen models (Table S1) for the model evaluation and future projec-
tion. All CMIP6 model outputs are re-gridded to the common resolution
(2°x2°) based on the nearest-neighbor interpolation. In this study, the
multi-model ensembles (MMEs) are constructed by using equal weights
to all thirteen models (i.e., the multi-model ensemble means, hereafter
MMEM) to reduce uncertainties resulting from model differences.

2.2. Methods

2.2.1. Identification of compound events

There are different ways to define CDHEs, such as the combined
threshold approach (Feng et al., 2021; Ridder et al., 2022; Zscheischler
et al., 2018) and joint distribution approach (Muthuvel and Amai, 2022;
Muthuvel et al., 2023; Shah and Mishra, 2020). Here we apply the
combined threshold approach to define CDHEs on a monthly time scale.
This non-parametric approach is easy to implement without making
assumptions about the distribution family. The hot conditions and
droughts are identified using multiple variables, namely temperature (T)
for hot conditions, precipitation (P) for meteorological drought, shallow
soil moisture (S) for agricultural drought, and surface runoff (R) for
hydrological drought. At each grid point, a compound event is consid-
ered to occur when the temperature is higher than a relative threshold
and precipitation (soil moisture, surface runoff) is lower than a
threshold at the same time. Specifically, compound droughts and hot
events are defined based on the concurrence of drought variables (i.e.,
precipitation, soil moisture, and runoff) below the 50th percentile and
temperature above the 50th percentile for each month during the period
of interest (i.e., historical periods and three future periods). The
thresholds of each variable are defined based on the base period
(1995-2014), which is adopted by IPCC (IPCC, 2021). In addition,
plenty of major extreme events have occurred in this timeframe
including the Millennium droughts (1997 to 2010) in Australia (Yildirim
et al., 2022), extreme droughts in China from 2000 to 2002 (Zhang et al.,
2019), and the severe droughts in south Asia during 2002 (Muthuvel and
Amai, 2022). Thus, applying the thresholds from this period can help us
compare future extremes with these major extreme events in recent
decades. Building on this, three types of compound events can be
defined for further analysis, including compound meteorological
droughts and hot events (CMDHEs, T50/P50), compound agricultural
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droughts and hot events (CADHEs, T50/S50), and compound hydro-
logical droughts and hot events (CHDHEs, T50/R50).

2.2.2. Characteristics of compound events

We mainly focus on the frequency and spatial extent of CDHEs to
assess the spatial and temporal variation. Here, the frequency of com-
pound events (fpy) for each grid during a specific period is defined as the
number of months with occurrences of CDHEs (N;) divided by the total
number of months (N) and then multiplied by 100 (unit: %), which can
be expressed as:

N;
fou = ﬁ]*loo% 8]

In addition, the annual spatial extent (spy) is defined as the number
of grids covered by compound events (averaged occurrence of 12
months for each year) divided by the total number of grid points over the
global land area, which can be expressed as:

1 12
i Om i
72':‘1%"’1:21 L % 100% )]

SpH

where Op,; is the occurrence (i.e., 0 or 1) of CDHEs in month m at grid i;
is the total number of grid points over global land area.

Building on this, we first compare the spatial distribution of fre-
quency (fpy) and temporal variation of spatial extent (spy) based on
GLDAS and CMIP6 models during the historical period 1955-2014
(historical simulation data from CMIP6 models extend to 2014). The
relative change (RC) in the number of compound events during three
future periods (i.e., 2021-2040, 2041-2060, and 2081-2100) compared
with that during the base period 1995-2014 can be expressed as follows:

N; =N,

b

RC = x 100% 3

where Nj and Ny are the number of compound events in the base period
and future period, respectively.
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2.2.3. The Mann-Kendall (MK) trend and Sen’s slope test

To assess the trend of changes in the spatial extent of different
compound event types, we apply the MK trend test (Kendall, 1975;
Mann, 1945). Here, the Sen’s slope is applied to detect the magnitude of
the linear trend of spatial extent, which can be calculated:

f = Median (xj — x,) 4

where f represents the slope of the trend test; x; and x; represent sample
values (i < j) for the time series x; (t =1, 2, ..., n); n indicates the length
of spatial extent series.

3. Results
3.1. Model evaluation

3.1.1. Frequency distribution of CDHEs

To evaluate the performance of CMIP6 models, the spatial distribu-
tions of the frequency of three compound events (CMDHEs, CADHEzs,
and CHDHES) are calculated first (See Methods). Fig. 1 illustrates the
spatial distribution of the frequency of different types of compound
events based on GLDAS and CMIP6 during the historical period from
1955 to 2014. The frequency of three compound events shows an overall
consistent pattern, which is related to the propagation of meteorological
drought to agricultural/hydrological drought (Afshar et al., 2022; Feng
etal., 2023; Zeng et al., 2022; Zhu et al., 2021). Specifically, the regions
with relatively low soil moisture and surface runoff generally corre-
spond well to the dry center of precipitation and vice versa during the
historical period (Qiao et al.,, 2022). A high frequency of CMDHEs,
CADHEs, and CHDHEs in central North America, northern South
America, eastern Europe, southern Asia, and eastern China is observed
from GLDAS. These regions with a high frequency of compound events
are generally consistent with results from CMIP6, as shown in Fig. 1(d-f),
indicating that CMIP6 models can reproduce the overall spatial distri-
bution of the three types of CDHEs.
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Fig. 1. Spatial distribution of the frequency of three compound events (i.e., CMDHEs, CADHESs, and CHDHEs) based on GLDAS and CMIP6 multi-model mean during
the historical period from 1955 to 2014. (a)-(c) GLDAS; (d)-(f) CMIP6; (g)-(i) difference between GLDAS and CMIP6 measured by relative biases defined as (CMIP6-

GLDAS)/GLDAS x 100 %.
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To further analyze the frequency difference between GLDAS and
CMIP6, the relative bias between GLDAS and CMIP6 is shown in Fig. 1
(g-1). These assessments reveal that a positive bias exists for CMDHEs in
certain regions (49.99 % of total grids), such as eastern South America,
most of Africa, southern Asia, and eastern Australia. The performance of
CMIP6 models in simulating compound events is related to the simula-
tion performance of individual variables. For example, previous studies
have shown that simulated precipitation from CMIP6 is underestimated
in South America and central Africa compared with GLDAS (Qiao et al.,
2022), which may contribute to the higher frequency of CMDHEs in
CMIP6 than that in GLDAS in these regions. For CADHEs, a comparison
of the CMIP6 and GLDAS reveals a positive bias in large regions (57.30
% of total grids), such as eastern South America, most of Africa, southern
Asia, and eastern Australia. This may be related to the lower surface soil
moisture simulated by CMIP6 compared with GLDAS in these regions
(Qiao et al., 2022), which likely induces more CADHEs in CMIP6
models. For CHDHEs, the bias between GLDAS and CMIP6 is largely
negative in most regions (about 70.00 % of total grids), which is prob-
ably because those CMIP6 models produce high levels of surface runoff
compared with that from GLDAS (Qiao et al., 2022), causing a small
number of CHDHESs in CMIP6.

A more detailed look at the regional difference in the frequency of
CDHE:s for six continents (i.e., North America, South America, Europe,
Africa, Asia, and Australia) between GLDAS and CMIP6 during
1955-2014 is provided in Fig. 2 (with the relative bias between GLDAS
and CMIP6 shown in Table 1). CMIP6 model can reproduce the
comparative relationship of the three types of compound events in
GLDAS (e.g., the frequency of CADHEs is the highest in almost all con-
tinents). High consistency between model simulations and GLDAS exists
over Europe with a low relative bias for CMDHEs. Larger differences
between the frequency of CADHEs and CHDHEs from GLDAS and CMIP6
simulations are shown in Africa and Australia.

3.1.2. Historical spatial extent of CDHEs

We then compare temporal changes in the annual spatial extent of
the three types of compound events from 1955 to 2014 across the globe
(Fig. 3). The temporal variation in the spatial extent from CMIP6 has
relatively high Pearson correlation coefficients with GLDAS (i.e., 0.84,
0.85, and 0.85 for CMDHEs, CADHEs, and CHDHEs, respectively), which
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indicates a relatively good simulation performance from CMIP6 models
at the global scale. The temporal variation highlights a significant in-
crease in the spatial extent of three compound events (CMDHEs,
CADHEs, and CHDHEs) based on GLDAS, especially after the 1990s
(Fig. 3), which is generally simulated well from CMIP6 models. For
example, the slopes of the spatial extent of CMDHE:s are 2.55 %/decade
and 2.68 %;/decade based on GLDAS and CMIP6, respectively. Mean-
while, the comparative relationship of spatial extent among three
compound events is overall consistent in both datasets. Specifically, the
slope of the spatial extent of CADHEs (2.80 %/decade) is the highest,
followed by CMDHEs (2.68 %/decade) and CHDHEs (1.87 %/decade)
based on CMIP6 models, which is highly consistent with the results in
GLDAS (i.e., 2.80 %/decade, 2.55 %/decade, and 2.30 %/decade for
CADHEs, CMDHESs, and CHDHE , respectively). Moreover, we also find
larger variability (shaded area) in the simulation of CHDHEs, as shown
in Fig. 3(c).

At the continental scale, a consistent increase in the spatial extent of
different types of CDHEs (with a high correlation between results from
GLDAS and CMIP6) is also shown in almost all continents in Fig. S1.
However, some exceptions exist in certain continents, such as Australia.
Specifically, the correlation coefficient of the spatial extent of those
compound events between CMIP6 models and GLDAS over Australia is
relatively low (non-significant). It indicates the low performance of
CMIP6 models in simulating CDHEs in Australia, which is consistent
with previous studies (Ridder et al., 2021).

3.2. Projection of hydro-meteorological variables

Since changes in compound events are highly dependent on changes
in individual variables, we first assess changes in global mean temper-
ature, precipitation, soil moisture, and runoff in the 21st century under
the SSP5-8.5 scenario. Fig. 4 shows simulations from thirteen CMIP6
models in this study. These simulations show a continuing increase in
temperature from 2021-2040 to 2081-2100 (compared with the base
period 1995-2014). Higher temperature tends to lead to greater rates of
evapotranspiration, which may cause a higher frequency of agricultural
drought, as shown by the significant decline of soil moisture in Fig. 4.
For example, the soil moisture changes from —0.81 % to —4.12 % from
2021-2040 to 2081-2100 compared with that during the base period.
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Fig. 2. Comparison of the frequency of three compound events (i.e., CMDHEs, CADHEs, and CHDHEs) over six continents (i.e., North America, South America,
Europe, Africa, Asia and Australia) based on GLDAS and CMIP6 during the historical period (1955-2014).
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Table 1
The relative bias of the frequency between GLDAS and CMIP6, defined as (CMIP6-GLDAS)/GLDAS x 100 %, over six continents from 1955 to 2014 based on Fig. 2.
North America South America Europe Africa Asia Australia

CMDHEs -9.43% —2.27 % 0.34 % 26.30 % 3.19% -3.30%

CADHEs 6.12 % 2.41% 3.41% 19.71 % 5.85 % ~1.47 %

CHDHEs —16.40 % —28.23 % —13.41 % -11.76 % —11.55 % —37.52 %
types of compound events (i.e., CMDHEs, CADHEs, and CHDHEs) is
i : (al) CMDHEIS . . projected to increase in the three future periods compared with the base
.40 —(C;k/l%\g::Sslcl)%%izz_é%%dei‘;%‘ée | GLDAS CMIPG ] period 1995-2014 (Fig. 5). The increase in the frequency of different
s GLDAS VS CMIP6: * R=0.84 types of CDHEs is consistent over northern South America, parts of
< 30r Europe, and the Mediterranean region, which is likely related to
% o0 i \ enhanced temperature and decreased precipitation (shallow soil mois-
s ture, and surface runoff) over these regions in a warming climate
% 10 P N (Fig. S3) (Aadhar and Mishra, 2020; Cook et al., 2020; Dutta and Maity,
2022; Li and Li, 2022; Naumann et al., 2018; Stevenson et al., 2022;
19160 19170 19I80 19‘90 2050 20'10 Ukkola et al. 2020; Vicente-Serrano et al., 2022; Zhao and Dai, 2022). In
addition, a slight increase or even decrease in frequency for three
(b) CADHES compound events is projected in some regions, such as parts of extra-
—— - T T \ T tropical South America, eastern Africa, and southern Asia. This is
=40 ‘g,l\'ﬂ?ég :*Ss,c',%ii"fg%%‘éiﬁ%e | GLDAS CMIPS ] - likely related to the increase in precipitation (soil moisture, surface

‘}\; GLDAS VS CMIP6: * R=0.85 runoff) over those regions, as shown in Fig. S3.

IS sor For CMDHE:s, the average frequency of CMDHEs over global regions
ix) 20 with the high model agreement (more than 80 % of the models agree on
-(:‘: the sign of changing pattern) enhances by 43.87 % during the near term,
&1 which increases to 73.74 % in the long term compared with that during
. ‘ . . . . the base period. Compared with CMDHEs, the increase in CADHEs is
1960 1970 1980 1990 2000 2010 larger and more widespread in most regions. Some evidence has indi-
cated that agricultural drought based on soil moisture is more wide-
(c) CHDHESs spread than drought esFimated using precipitation under S$P5—8.5 by
40 _8LD:‘\S‘::Slope_='2430/decadeI | i GLDAS‘ CMI'PG ] the end of the twenty-first century (Cook et al, 2020), Wthh furtl'1er
g Glt/llljij\Gs. VSSIO(geM_I;’ 27*{?5:08%65 causes more CADHEs than CMDHES. We confirm that this conclusion
=30} | generally holds when employing more extreme thresholds than the 50th
2 percentile (e.g., the results based on the 30th and 70th percentile are
% 20+ shown in Fig. S4). Note that some regions with only a marginal increase
= in CMDHE:s (like northern North America and Eurasia) are projected to
& 10 | experience a remarkable increase in CADHESs. Precipitation is the most
: s . . s . important and direct factor among others affecting soil moisture (Zhang
1960 1970 1980 1990 2000 2010 et al., 2008) and the wetting of soil caused by precipitation is an intui-

Fig. 3. Temporal changes in the spatial extent of CMDHESs (a), CADHEs (b), and
CHDHESs (c) based on GLDAS and CMIP6 multi-model mean during the his-
torical period 1955-2014. The slope of spatial extent is calculated by the Sen’s
slope estimator. R indicates the Pearson correlation coefficient of spatial extent
between GLDAS and CMIP6. The asterisk (*) indicates the significant trend (and
correlations) at a 0.05 significance level. The shaded area indicates the 5th-95th
percentile ranges.

There is also an increase in mean precipitation (runoff), which changes
from 1.66 % (0.10 %) in 2021-2040 to 8.27 % (0.13 %) in 2081-2100.
Different directions of individual variables changes (also shown at
different continents in Fig. S2) may cause complicated changes in cor-
responding compound events in the future. Thus, given the interwoven
and nonlinear relationships among temperature and hydro-
meteorological elements (i.e., precipitation, soil moisture, and runoff)
in the future, it is imperative to evaluate the compound events that span
different aspects of the hydrologic cycle (i.e., CMDHEs, CAHDEs and
CHDHES) in a warmer climate.

3.3. Global projection of compound events

3.3.1. Change in frequency

To assess the future variation of three types of compound events, we
show the relative changes (RC) in the frequency of CMDHEs, CADHEs,
and CHDHESs during three future periods (i.e., near term, mid-term, and
long term) under the SSP5-8.5 scenario. Overall, the frequency of three

tive process in nature (Koster et al., 2004; Koster et al., 2003). However,
for some large regions like Eurasia covering an extensive range of lon-
gitudes and latitudes, the variables that can affect soil moisture are more
complicated and diverse, which may cause a more complex land-
—atmosphere interaction and make the influence of precipitation on soil
moisture weaker (Sang et al., 2021). This highlights that precipitation is
not the only determinant of soil moisture and other significant processes
(e.g., enhanced evaporative demand, increased plant water use)
affecting soil moisture also change with warming (Cook et al., 2020; Hua
et al., 2022; Yuan et al., 2021), which may cause more concurrence of
agricultural drought and high temperature (i.e., CADHEs) in these re-
gions under a warming climate.

An extensive and significant increase of CHDHE:s is shown in large
regions, like northern North America, Eurasia, southern Africa, and
Australia, as shown in Fig. 5(g-i). Note that an increase in precipitation
over certain regions may not directly translate to enhanced surface
runoff. For example, precipitation is projected to increase over the
middle to high latitudes of Northern Hemisphere due to increased spe-
cific humidity and increased water vapor transport from the tropics
(Dutta and Maity, 2022; IPCC, 2021; Li and Li, 2022); however, surface
runoff decreases in western North America, Canada, and western Russia
(Cook et al., 2020), as shown in Fig. S3. In addition, we did not find a
consistent pattern between changes in CADHEs and CHDHEs based on
different thresholds (e.g., the relative change in CADHEs is similar to
that in CHDHE:s in Fig. 5, while the relative change in CHDHEs is larger
than CADHEs based on a higher threshold, as shown in Fig. S4), which
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Fig. 4. Changes in mean global land surface precipitation (a), shallow soil moisture (b), and surface runoff (c) versus temperature for the near term (2021-2040),
mid-term (2041-2060), and long term (2081-2100) relative to the baseline period (1995-2014) for each CMIP6 model. The dashed lines indicate the multi-model
ensemble means of individual variables in different future periods. The markers with the same color and shape indicate thirteen CMIP6 models during specific

future periods.
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Fig. 5. The relative change in the frequency of different types of compound events for the near term (2021-2040), mid-term (2041-2060), and long term
(2081-2100) relative to the baseline period (1995-2014) based on multi-model ensemble mean of CMIP6 models. Black stippling indicates that more than 80% of the
models agree on the sign of changing pattern (negative or positive). The text in the left-bottom of each sub-figure indicates the mean of relative change in the

frequency over regions with black stippling.

may be related to complex influencing factors of runoff (e.g., watershed
features, snow, and vegetation) or uncertainties associated with limited
samples from extreme thresholds.

3.3.2. Change in spatial extent

We further assess temporal changes in the spatial extent of different
types of compound events from 2015 to 2100 and calculate changes in
the slope of spatial extents, as shown in Fig. 6. The significant increase in
the spatial extents of CMDHEs, CADHEs, and CHDHE:s is projected for
different future periods. The average spatial extent of three CDHEs
generally increases from near term to long term period, as shown in
Fig. 6(b). This indicates that more areas will be affected by CDHEs in the
future under the SSP5-8.5 scenarios. The increased spatial extent of
CMDHE:s is accompanied by increased coverage of high temperatures
and decreased coverage of meteorological droughts (based on precipi-
tation), as shown in previous studies (Zeng et al., 2022) and Fig. S5,

indicating the dominant role of temperature in driving the variation of
CMDHEs. CADHEs have the largest increase in spatial extent, which is
likely due to the increased coverage of both agricultural drought and
high temperature (Fig. S5). The spatial extent of hydrological droughts
shows a slight increase (not significant) (Fig. S5), which contributes to
less increase in the spatial extent of CHDHEs compared with that of
CADHEs (Fig. 6).

For the three future periods, the slope of changes in different types of
CDHE:s decreases from the near term to the long term period, as shown
in Fig. 6(c). For instance, the slope of spatial extent for CMDHESs changes
from 3.28 %/decade to 1.90 %/decade from the near term to the mid-
term and even shows a slight downward trend during the long term
(-0.55 %y/decade). The slope of the increased spatial extent of high
temperature decreases from the near term to long term period (from
8.25 %/decade to 0.57 %/decade) as shown in Fig. S5, which is
consistent with the pattern of slope variation in different types of
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CDHEs. The slope (and changes) in the spatial extent of three types of
droughts during the three periods are diverse (Fig. S5), such as the
decreasing spatial extent of meteorological drought and increasing
spatial extent of agricultural drought (Zeng et al., 2022; Zhao and Dai,
2022). The slope of the spatial extent of agricultural drought decrease
from the near term to the long term period (with the slope of 1.32
%/decade, 1.22 %/decade, and 0.61 %/decade for the near term, mid-
term, and long term, respectively). An increase but non-significant
pattern from near term to long term applies to the changes in hydro-
logical drought. Overall, the three compound events will continue to
increase by the end of the 21st century, but the increase rate will
gradually decrease in the future (associated with diverse changes in the
spatial extent of individual variables).

3.3.3. Regional projection and uncertainty

Following IPCC AR6 WGI reference regions (Iturbide et al., 2020),
the global land can be divided into 44 regions (Fig. S6). Based on that,
we then assess the regional change in the frequency (unit: %, see
Methods) of different types of compound events during three future
periods, relative to the base period (1995-2014) over these regions
(Fig. 7). The frequency of different types of compound events in the
future will increase over most regions and a larger increase is projected
during the long term period. The high increases are shown in several
regions, such as S.Central-America (SCA) for CMDHEs, the Mediterra-
nean (MED) for CADHEs and CHDHE:s in the long term.

We also assess the uncertainty in the simulation of CDHEs at the
regional scale by defining the uncertainty as the difference between the
75th and 25th quantiles of the box (Greve et al., 2018; Wu et al., 2021c).
The uncertainties among the models are relatively small for CMDHESs

relative to CADHEs and CHDHEs as shown in Fig. 7. For most regions,
the uncertainties during the long term are larger than that during other
future periods. Specifically, the percentages of regions with maximum
variability (between 25th and 75th quantiles) in the long term compared
with other future periods for the three compound events are 70.45 %
(CMDHEs), 81.82 % (CADHEs), and 81.82 % (CHDHEs), respectively.
Such uncertainty can result from multiple factors (e.g., physical
parameterization and internal variability) and needs further investiga-
tion in the future.

4. Discussion
4.1. Implication

The development of different drought types in the hydrological cycle
(i.e., drought propagation) has attracted increasing attention in recent
decades (Gevaert et al., 2018; Van Lanen et al., 2013; Wu et al., 2018).
Under anthropogenic global warming, the persistence of warm tem-
peratures and drought propagation highlights the temporal linkage
among different types of compound events in the hydrological cycle
(Feng et al., 2023), which may take a toll on the socioeconomics and
ecosystems. In this study, we find a significant increase in frequency for
CMDHEs, CADHESs, and CHDHEs in different future periods. A higher
increase in the frequency of three types of CDHEs is projected in large
regions (e.g., northern South America, and Europe), which underlines
the amplified risk of increased CDHEs in a warmer climate. The CADHEs
and CHDHEs based on soil moisture and surface runoff, respectively,
show different spatial responses (e.g., sign and magnitude of variations)
to CMDHEs in some regions. Thus, these compound events cannot
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thirteen CMIP6 models.

substitute as alternatives for each other, highlighting the importance
and necessity of considering the response of different types of compound
events to climate change from the hydrologic cycle perspective.

4.2. Limitation

There are some limitations in this study regarding the inherent un-
certainty from climate model simulations and indicator/threshold se-
lection. Although there is robust agreement on the sign of the variations
in the frequency of three types of compound events in large regions
(Fig. 5), large discrepancies in the magnitude (or even sign) of these
changes among the CMIP6 models exist (as shown in Fig. 7). Due to the
inherent uncertainties in the simulations of precipitation (soil moisture,
runoff) and temperature in CMIP6 models (Hou, et al., 2023; Ukkola
et al., 2020; Zhao and Dai, 2022), uncertainty analysis and quantifica-
tion in the projection of multiple types of CDHEs should be conducted in
future studies based on different CMIP6 models. In addition, previous
studies highlighted a different changing pattern of surface and total soil
moisture drought in some regions like America and Europe (Zhao and
Dai, 2022). Besides, this study only focuses on surface runoff
(responding to changes in climate variables at shorter timescales) but
not total runoff (responding at longer time scales) (Touma et al., 2015)
in defining compound hydrological drought and hot events. Thus, the
assessment of changes based on soil moisture of different depths or total
runoff (Berg and Sheffield, 2017; Wang and Miao, 2022; Zhao and Dali,
2022; Zhou et al., 2022) is also important to understand the future
changes in CADHEs and CHDHEs. For example, for the future changes in
CHDHESs based on total runoff (Fig. S7), we found that the change
pattern is consistent with changes in CMDHESs in mid and high latitude
regions, which is partly due to consistent changes between precipitation
and total runoff in these regions (Cook et al., 2020; Wang et al., 2022),

and differ from those based on surface runoff. Moreover, we select the
period 1995-2014 as the reference period to assess the changes of future
compound events in this study. Selecting different thresholds based on
different reference periods may lead to a discrepancy in variations of
extremes (Jones et al., 2012; Trenberth et al., 2014), including CDHEs
(Feng et al., 2021). For example, a considerable positive bias can be
found for CMDHE:s in some regions (65.96 % of total grids) compared
with GLDAS with relatively larger bias in Australia when applying the
1986-2005 as the reference period (commonly used in IPCC AR5 (IPCC,
2013)), as shown in Fig. S8.

5. Conclusion

Understanding how drought dynamics will change under persistent
high temperatures in the future from a compound perspective is an
important but rarely explored research area, which involves a series of
complex processes (e.g., precipitation, soil moisture, and runoff) across
disciplinary boundaries (climate, meteorology, and hydrology). Based
on simulations from CMIP6 models and reference data from GLDAS, we
evaluate the performance of models in simulating different types of
compound droughts and hot events (CDHESs) and assess the future pro-
jection of the frequency and spatial extent of different types of CDHEs,
including compound meteorological drought-hot events (CMDHEs),
compound agricultural drought-hot events (CADHEs) and compound
hydrological drought-hot events (CHDHES), at the global scale under the
SSP5-8.5 scenario. We found that CMIP6 climate models can reproduce
the spatial distribution of three types of compound events compared
with GLDAS. There is high consistency in the temporal changes of
different CDHEs between CMIP6 and GLDAS, which indicates the rela-
tively good performance of models in simulating temporal changes at
the global scale (with a larger discrepancy in certain regions, such as
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Australia). For the future projection under SSP5-8.5 scenarios, the fre-
quency and spatial extent of three compound events show a marked
increase during three future periods (with a relatively large increase in
CADHEs and CHDHEs compared with CMDHEs). Globally, the average
frequency of three compound events (i.e., CMDHEs, CADHEs, and
CHDHE:3) is projected to increase by 73.74 %, 113.95 %, and 114.17 %
during the long term 2081-2100 relative to the base period 1995-2014
based on thirteen CMIP6 models, respectively. In addition, the uncer-
tainty of CADHEs and CHDHE: is larger than CMDHEs in the future in
most regions. Overall, the results of this study can provide useful in-
sights into climate model performance for model developers. In addi-
tion, it also provides valuable information for stakeholders to anticipate
the negative impacts of CDHEs and devise mitigation measures that
alleviate the risks of compound extremes across different aspects of the
hydrological cycle under global warming.
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