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Abstract Compound drought and heatwaves can cause significant damage to the environment,
economy, and society. In this study, we quantify the spatio-temporal changes in compound drought and
heatwave (CDHW) events by integrating weekly self-calibrated Palmer Drought Severity Index (sc_PDSI)
and daily maximum temperatures during the period 1983 to 2016. Multiple data products are used to
examine the robustness of sc_PDSI in the compound event analysis. The results consistently suggest
significant increases in drought-related heatwaves and affected global land area in recent (warmer)
periods. Several regions across the globe witnessed rise in CDHW frequency (one to three events/year),
duration (2-10 days/year), and severity. This increasing pattern is spatially asymmetric, and greater
amplification is observed across the Northern hemisphere due to recent warming. Furthermore, the
background aridity influences the spatiotemporal evolution of CDHW events. The results can be applied
to minimize the impacts of extreme CDHWs in critical geographical regions.

Plain Language Summary The increase in global temperature has altered the spatio-
temporal pattern of individual extreme events (e.g., drought and heatwave). However, a limited number of
studies investigated their compound characteristics in terms of duration, frequency, severity, and spatial
extent. This study explores the spatio-temporal changes in compound events that have a significant impact
on health, agriculture, economy, and environment around the globe. The compound framework has a

key advantage that it can capture the weekly droughts and heatwaves at daily time scale. The results can
directly map the critical regions and reveal the dependence between two extreme events (i.e., drought

and heatwaves). This study also examines the spatial asymmetry across the globe and the influence of
background aridity on compound extremes in a warming climate. This analysis can be extended to inform
stakeholders where the coevolution of these extreme events is likely to be higher under climate change.
The results of this analysis will aid forecasting efforts and help to improve hazard preparedness and
mitigation strategies for the vulnerable regions of the globe.

1. Introduction

Compound drought and heatwave (CDHW) events have garnered much attention in recent decades (Fink
et al., 2004; Leonard et al., 2014; Mukherjee et al., 2020; Sutanto et al., 2020; Zscheischler et al., 2018). These
CDHW events often impact socio-ecological systems (Mukherjee et al., 2020), which includes wildfires
(Sutanto et al., 2020; Witte, 2011), massive heat-related deaths (D'Ippoliti et al., 2010; Mitchell et al., 2016),
and loss of crop yield (Lu et al., 2018; Zampieri et al., 2017). Many regions around the world experienced
CDHW events during the summer months of 2003, 2010, 2015, and 2018 in Europe and western Russia
(Fink et al., 2004; Ionita et al., 2017; Liu et al., 2020; Witte, 2011); 2012-2014 in the USA (Diaz & Wahl, 2015;
Griffin & Anchukaitis, 2014; Williams et al., 2015); 2013 in Australia (Cowan et al., 2014; Lewis & Karo-
ly, 2013); 2006, 2009-2010, and 2014 in Southwestern and Northern China (Barriopedro et al., 2012; H.
Wang & He, 2015; X. Wu et al., 2019; Ye et al., 2019).

The evolution of drought and heatwaves are controlled by a variety of land surface fluxes (Mishra & Sin-
gh, 2010), and their spatial patterns are heterogeneous due to the regional differences in precipitation, tem-
perature anomalies, and other hydrological changes (Chen et al., 2013; Konapala & Mishra, 2020; Kumar
et al., 2016; Mishra & Singh, 2010; Z. Wu et al., 2012). Besides, these land surface fluxes are influenced by the
background aridity, anthropogenic factors, and large-scale changes in climate patterns (Fu & Feng, 2014;
Karl & Trenberth, 2003; Meehl et al., 2004; Mukherjee et al., 2020; Sankarasubramanian et al., 2020).
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Numerous studies have investigated CDHW events (Mukherjee et al., 2020) based on different combina-
tions, such as monthly precipitation and temperature anomalies (Hao et al., 2018a); Standardized Precipita-
tion Index and temperature anomalies (Kong et al., 2020; Mazdiyasni & AghaKouchak, 2015); precipitation
deficit and potential evapotranspiration (Manning et al., 2018); and temperature anomalies and precipita-
tion deficit (Lu et al., 2018). Nevertheless, the CDHW event estimation framework applied in these studies
can be further improved in the context of the timescale as well as the type of indicators used to quantify
drought and HWs (Miralles et al., 2019; Mukherjee et al., 2020; Teuling et al., 2013).

While many studies investigated compound extremes, this study further complements previous studies in
three different ways. First, we applied a framework to estimate the frequency, duration, and severity of
CDHW events by integrating weekly drought and daily HW information, which was neglected in earli-
er studies. This framework can overcome the limitations arising from the difference in the temporal evo-
lution of heatwaves (i.e., daily to weekly scale) and droughts (i.e., weekly to monthly scale) (Mukherjee
et al., 2020). Second, the spatial asymmetry of the temporal evolution of CDHW events is investigated for
the first time on a global scale. Third, although background aridity plays a vital role in the development
of drought and heatwaves, its potential influence on the evolution of CDHW events in different climate
regimes (arid, transitional, and humid) remains largely unexplored.

The overall objective of this study is to quantify the spatiotemporal changes in the CDHW events at a global
scale based on the following research questions: (a) how does the recent increase in temperature influence
the CDHW events; (b) Is there a significant increase in the proportion of HW days coinciding with the
extreme drought conditions? (c) to identify the regions that show a greater increase in the characteristics
of CDHW events, and examine if there is spatial asymmetry associated with such growth at the global and
hemispherical scale? (d) whether the background aridity controls the increase in CDHW characteristics at
regional to the continental scale; and (e) whether these results are consistent across different data sets. This
study is structured as follows. Section 2 describes the data and methodology used in the study. Section 3
provides results and discussion, followed by the summary and conclusions in Section 4.

2. Methods
2.1. Data

We use daily precipitation (P) data set obtained from the Global Precipitation Climatology Center (GPCC)
(http://gpcc.dwd.de/), available at 1° spatial resolution for the period 1983-2016. GPCC precipitation data
set is relatively consistent across the globe (Sun et al., 2018), therefore, it is expected to provide spatial-
ly robust estimates of CDHW characteristics. Available water content (AWC) is obtained from a soil tex-
ture-based global water-holding-capacity map produced by Webb et al. (2000), and extracted at 1° spatial
resolution. Daily maximum and minimum 2 m air temperature (T, and Tn;,) data set is retrieved from
the Climate Prediction Center (CPC) (https://www.esrl.noaa.gov/psd/; available at 0.25° spatial resolution)
for the period, 1983-2016. Humid, transitional, and arid regions are identified based on the potential evap-
oration (Ep) data obtained from the European Centre for Medium-Range Weather Forecasts Reanalysis 5
(ERAS5; https://cds.climate.copernicus.eu/cdsapp#!/home; available at 0.25° spatial resolution) at hourly
time-steps for the same period. The data sets from the ERAS5 potentially supersede other reanalysis prod-
ucts by its high spatial and temporal resolution. Additionally, we also use daily precipitation, T, and Tiin
data from the ERAS and Ty, and Ty, data from Berkeley Earth Surface Temperature Project (BE; http://
berkeleyearth.org/data-new/) to investigate data related inconsistencies. All data sets are regridded at 1°
spatial resolution by applying the bilinear interpolation scheme to make it consistent with the GPCC Pre-
cipitation data set.

2.2. Estimation of CDHW Event Characteristics

The summer CDHW events are calculated by integrating heatwave and drought information. In this study,
the drought events are derived based on the weekly self-calibrated Palmer Drought Severity Index (sc_
PDSI), and HW events are derived based on the abnormally high-temperature anomalies observed for three
or more consecutive days. Besides, considering possible epidemiological significance (Keellings & Way-
len, 2014), two successive HW events are considered independent if separated by a minimum of four days,
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otherwise clustered into a single event. The sc_PDSI is calculated based on the methodology proposed by
Wells et al., 2004. This procedure includes weekly total precipitation, weekly mean temperature (average of
Tmax> and i), and AWC in the energy-budget framework as inputs for deriving sc_PDSI. In addition, this
methodology employs the potential evapotranspiration estimated using Thornthwaite's method (Thornth-
waite, 1948). In our analysis, the sc_PDSI is derived utilizing the climate characteristics calibrated based on
the whole period, 1983-2016.

The CDHW events are estimated based on the time periods when a HW coincides with the extreme drought
weeks (Mukherjee et al., 2020). An extreme drought week is identified when the sc_PDSI magnitude falls
below the 10th percentile of the weekly values during the study period (Mukherjee et al., 2020). The daily
temperature anomalies are calculated for each location, separately, based on the corresponding 90th per-
centile of daily maximum temperature observed in the extended summer seasons (May-October in the
northern hemisphere, and November-April in the southern hemisphere) from 1983 to 2016. The concept of
identifying HW event is analogous to previous studies conducted for different parts of the Globe (Fischer &
Knutti, 2015; Meehl & Tebaldi, 2004; Perkins et al., 2012; Unkasevi¢ & ToSi¢, 2013).

In this study, CDHW events are characterized by three metrics: (a) CDHW frequency (CDHWYj), defined as
the average number of annual CDHW events during the study period; (b) CDHW days (CDHW,), defined
as the total number of event days observed for a given year; and (¢) CDHW severity (CDHW;), which is cal-
culated based on the cumulative sum of the daily severity values obtained over the consecutive days of the
CDHW events. The daily severity is estimated as the product of the daily standardized values of maximum
temperatures and the scPDSI value observed in the coinciding extreme drought week. A description of the
methodology used in the estimation of CDHWs is provided in A.1. of the Supporting information.

3. Results
3.1. Changes in the CDHW Events

We investigate the annual changes in proportion of CDHW events and global land area witnessing these
events during the study period, 1983-2016. The proportion of CDHW events for a specific year is calculated
based on the ratio (% change) between the total number of CDHW and HW events occurring at any given
location. Hereafter, this ratio (%) is referred to as CDHW,. The CDHW, estimation allows us to investigate
interannual changes in the proportion of HW events that coincide with the extreme drought weeks.

Based on this concept, the time series of CDHW, are constructed for each grid location and subsequently
averaged over the globe. The interannual trends in the global CDHW, are estimated and compared between
the whole period (1983-2016), past period (1983-1999), and the recent warmer period (2000-2016) to inves-
tigate the potential contribution of recent warming. The criteria for selecting the past and recent warmer
period is discussed in A2 of the Supporting Information. This criterion is evaluated based on the summer
mean of daily Ty, anomalies in the CPC, BE, and ERAS data sets, as illustrated in Figure S1. It can be ob-
served that the period from 2001 to 2016 was considerably warmer than the preceding period, 1983-2000.
Notably, the temporal pattern exhibited by the magnitude of these anomalies shows a close agreement
among all the three data sets (Figure S1). Such consistencies among the three (potentially) different temper-
ature data sources can minimize the possibility of uncertainties in the analysis.

In this study, the trends are determined by employing the Sens's slope estimator, and the statistical signifi-
cance of the trends is tested based on the MK test (Kendall, 1948; Mann, 1945) at 95% confidence level (see
A3 of the Supporting Information). Similarly, we also examine the interannual changes in the percentage
of global land area (estimated as the percentage of land area within the grid cells weighted by the cosine of
their latitudes) that witnessed a CDHW event during these three periods. Even across different quality-con-
trolled data sets, trends can often vary substantially, even if year to year variability is congruent and espe-
cially for variables with larger uncertainties like precipitation. Specifically, PDSI estimates of drought trends
depend critically on the precipitation data sets being used (Mukherjee et al., 2018; Trenberth et al., 2014). To
investigate data related inconsistencies, these changes are analyzed based on three different combinations
of data sets: (1) precipitation from GPCC and temperature from CPC (GPCC-CPC), (2) precipitation from
GPCC and temperature provided by Berkeley Earth Surface Temperature Project (GPCC-BE), and (3) pre-
cipitation and temperature both from ERAS5. These changes are illustrated in Figure 1.
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Figure 1. (a—c) Linear and scatter plots show the annual timeseries of globally averaged CDHW, (%) based on (a) GPCC-CPC data set, (b) GPCC-BE data set,
(c) ERAS data set, and (d-f) bar-plots illustrate the percentage of global land area) affected by the CDHW events each year during the whole study period,
1983-2016 (%) based on (d) GPCC-CPC data set, (¢) GPCC-BE data set, (f) ERAS data set. Linear annual trends in CDHW, and in the global land area are
estimated based on the Sen's slope estimator, and statistical significance in trends are determined based on the MK test for the whole study period (1983-2016),
past period (1983-1999), and recent warm period (2000-2016). The numbers in the bracket indicate the estimated slope, and the asterisks denote statistically
significant trends (at 95% confidence level). CDHW, compound drought and heatwave; CPC, Climate Prediction Center; ERAS, European Centre for Medium-
Range Weather Forecasts Reanalysis 5; GPCC, Global Precipitation Climatology Center.

The global averages of CDHW, depict a significant (at 95% confidence interval) increasing trend during the
whole period, 1983-2016, and in the recent warmer period, 2000-2016 across all three data sets (Figures 1a-
1c). The magnitude of the estimated slope suggests a 0.54%-0.55% increase in CDHW, per year during the
recent warmer period in all three data sets, a rate of increment almost double of that (0.29% per year) ob-
served during the whole period in the GPCC-CPC data set. The relative cooler past period, 1983-1999, on
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the other hand, shows a decreasing trend in the CDHW, values in the GPCC-CPC data set and a negligibly
low rate of increase in the GPCC-BE and ERAS data set. These results indicate a consistent and significant
influence of warming on the recent increases in the drought-related HW events across the globe. The per-
centage of land area that witnessed a CDHW event (shown in bar plots) has also increased simultaneously
in the recent warmer period in all three data sets (Figures 1d-1f). Both CDHW, magnitude and spatial
extent of CDHW events are found to be the maximum during the year 2012 across all three data sets. Al-
most 28% of the total HW events occurred during extreme drought weeks in the year 2012 (Figures 1a-1c),
affecting 27%-29% of the global land area (Figures 1d-1f).

3.2. Spatiotemporal Changes in CDHW Event Characteristics
3.2.1. Global and Hemispherical Changes

The spatiotemporal patterns of the CDHW characteristics are quantified based on three metrics, such as
the CDHW;, CDHW,, and CDHW; for the recent warmer period, 2000-2016 with respect to the relatively
cooler past period, 1983-1999. The spatial maps for the CDHW;, CDHW,, and CDHW; for the two periods
are presented in Figures S2-S4, respectively, corresponding to the three combinations of data sets chosen
for the study. The corresponding changes between the two time periods are quantified by subtracting the
magnitude of CDHW characteristics between recent and past periods (Figure 2).

In most of the regions, a relatively higher frequency (CDHW;) of CDHW events (one to three more events
per year) are observed during the recent period (Figures 2a-2c). These increases are consistent in all three
data sets (GPCC-CPC, GPCC-BE, and ERAS) over the United States, the Amazon basin, central and north-
ern Europe, west and central Asia, and most parts of Australia. Similarly, these regions witness a relative
increase in the magnitude of two other CDHW metrics, CDHW,, and CDHW; during the recent period. The
CDHW events in these locations are characterized by 2-10 days/year increase in CDHW, (Figures 2f) and
6-30 per event/per year increase in CDHW; (Figure 2i) during the recent period (2000-2016). Interestingly,
the results corresponding to the GPCC-BE and ERAS5 data sets show more consistent spatial patterns that
differ in the GPCC-CPC data set over Western South America, North of Northern America, India, China,
and most of Africa.

Our results suggest that 58%-73%, 60%-75%, and 56%-65% of land area in the NH show an increase in
CDHW;, CDHW,, and CDHWj, respectively, whereas 51%-74%, 54%-76%, and 49%—-65% of the land area
witnessed such increase over the SH. These results indicate the presence of a spatial asymmetry, with a
higher percentage of area in the NH being affected by the more extended duration and more severe CDHW
events as compared to the SH in the recent period as a result of warming. Importantly, these results are
robust across the three different combinations of data sets employed in the analysis.

3.2.2. Latitudinal Variations

The latitudinal variations of CDHW metrics are examined to further investigate their spatially asymmetric
behavior due to warming at the global scale (Figure 3, and Figure S5). In this study, the latitudinal variations
(represented by the heatmaps) are captured at 1° intervals between —54.5°N and 65.5°N. Figure S5 depicts
these variations for CDHW;, CDHW,, and CDHW; during individual years within the whole study period
based on each of the three different combinations of data sets. The latitudinal variation of the CDHW met-
rics are also compared among the recent and past period based on their corresponding 17-year averages and
associated interannual trends (illustrated by the line plots in Figure 3. The latitudes with statistically signifi-
cant (at 95% confidence level) trend are indicated by the “square” symbols. The magnitude of the trends and
significant directions (increasing/decreasing) are estimated based on the Sens's slope estimator and the MK
test (Kendall, 1948; Mann, 1945), respectively (see A3 in the Supporting Information). This analysis can re-
veal the temporal shifts and rate of change of CDHW metrics across the latitudes as an impact of warming.

The heatmaps show considerable spatial asymmetry for each of the CDHW metrics across the latitudes
that seem to be characterized by a skewed temporal pattern in response to the warming climate (Figure S5)
in all three data sets. This asymmetric behavior is prominent across the mid-latitude regions (tropical and
extratropical regions) of both hemispheres, with relatively more consistent patterns observed in the north-
ern (southern) hemisphere in the GPCC-CPC (GPCC-BE) and ERAS5 data set. Peak magnitudes of CDHW;,

MUKHERIJEE AND MISHRA

50f 13



Aru | )
NI Geophysical Research Letters 10.1029/2020GL090617

ADVANCING EARTH
AND SPACE SCIENCE

-2 ~1 0 1 2 3 -10 -8 6 -4 -2 0 2 4 6 8 10
CDHW Severity

60°
-180° -120° -60° 0 60° 120" 180° -180° -120° -60° 0 60° 120" 180°

-180° -120° -60° 0 60° 120" 180°

-30-24-18-12 -6 0 6 12 18 24 30

Figure 2. Spatial map showing the changes in (a-c) CDHW; between two time periods (recent, 2000-2016 minus past, 1983-1999) based on (a) GPCC-CPC
data set, (b) GPCC-BE data set, (c) ERAS5 data set, (d-f) same as in (a—c) but for the CDHW, (days/year), and (g-i) same as in (a-c) but for the CDHWs (per
event/year). The numbers illustrated in (a-i) represent the percentage of area affected by an increase in the corresponding CDHW metrics for the NH (red),
globe (blue), and SH (black). CDHW, compound drought and heatwave; CPC, Climate Prediction Center; ERAS5, European Centre for Medium-Range Weather
Forecasts Reanalysis 5; GPCC, Global Precipitation Climatology Center.
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Figure 3. (a—c) Line plots showing the latitudinal variation in the past period (1983-1999; in black) average and recent warmer period (2000-2016; in red)
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Forecasts Reanalysis 5; GPCC, Global Precipitation Climatology Center.
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CDHW;, and CDHW; in the past period are only limited to a short time period (1987-1989) clustered over
the extratropical region (between —30°N and —54.5°N) of the SH. However, such momentary amplifications
can be attributed to sudden increases in hot and dry events across South America influenced by natural cli-
mate variability (Lough, 1995). On the other hand, the CDHW metrics have amplified considerably during
the (relatively warmer) recent period, 2000-2016, in both hemispheres.

In all three data sets, the CDHW metrics are observed to vary substantially between NH and SH, and the
maximum difference is observed during 2012 (Figure S5). During this year, the peak magnitudes of CDHW{
(one to two events), CDHWA (7-12 days), and CDHWs (20-25 per event) were observed mostly across the
mid-latitude regions (21.5°N-65.5°N) located in the NH. This particular latitude range encompasses the
extratropical regions of Europe, Asia, and North America. These specific regions witnessed unprecedented
heat events accompanied by persistent droughts mostly triggered by anthropogenic warming (Griffin &
Anchukaitis, 2014; Mitchell et al., 2016; Williams et al., 2015). The magnitude of the 2012 European heat-
wave is found even to exceed that of the 2003 summer heatwave events considered to be one of the most
deadly event in the continent (Mitchell et al., 2016). On the other hand, the high amplifications in the SH
are clustered over the years 2013-2016 across the latitudes —4.5°N to —45.5°N. The amplified signals of the
2013 CDHWs emerging over the SH can be associated with the unprecedented Australian summer heat
(considered as the “angry summer”) attributed to anthropogenic warming (Lewis & Karoly, 2013).

The latitudinal variation of the average CDHW metrics during the past and the recent period provides a
more detailed narrative on the association between the spatially asymmetric amplification and the warm-
ing climate (Figure 3). The amplification in the recent warmer period is found to be higher over the NH as
compared to the SH in all three data sets. More importantly, the broad range in which the minimum and
maximum magnitude of the CDHW metrics vary across the latitudes has increased substantially in the re-
cent period in both NH and SH. On the other hand, in all three data sets, this range is found to be relatively
smaller and consistent in the past period, which amplifies uniformly across the tropical and extratropical
regions. This indicates a higher spatial asymmetry in the recent warmer period relative to the cooler past
period in the respective hemispheres. However, the amplifications noted across the equatorial region are
overwhelming in the GPCC-BE, and ERAS5 data set that substantially differs from that observed in the
GPCC-CPC data set. This highlights the potential uncertainties associated with the use of different temper-
ature data set in the region.

We further investigated the rate of increase in the spatial variation of CDHW characteristics based on the
past and recent periods (Figure 3). Although a stable behavior can be observed in the past period, more
dynamics in terms of latitudinal symmetry is distinctly visible during the recent period. During the past
period, a greater number of latitudes located in the NH witnessed significantly higher positive interannual
trends; however, the pattern reversed diametrically during the recent warmer period as considerably higher
trends are observed over a continuous stretch of the SH, particularly between —1°N and —30°N latitudes
across all the three data sets. Overall, these results indicate major spatiotemporal asymmetry and heteroge-
neity associated with the rate of change in CDHW characteristics. However, both the mean magnitudes and
trends associated with the recent warmer period are significantly higher in the ERA5 data set as compared
to both GPCC-CPC, and GPCC-BE data sets. This may be linked to the uncertainties associated with the
use of different data sets that emerge in the reanalysis-based estimates of CDHW metrics under warmer
conditions.

3.3. Effect of Background Aridity at Continental Scale

We investigated the possible role of aridity on the asymmetric (heterogeneous) behavior of CDHW metrics.
The background aridity has a potential influence on the evaporation and land-atmospheric interactions
(McVicar et al., 2012; Mukherjee et al., 2020; Sankarasubramanian et al., 2020; Seneviratne et al., 2010),
that directly controls the drought and heatwaves. The influence on evaporation is primarily defined based
on the concept of water-limited and energy-limited regimes (Budyko & Mikhail, 1971; D. Wang & Tang,
2014). Water-limited evaporation is dominant in the arid regimes, and it is mainly controlled by the varia-
tion in soil moisture. On the other hand, the energy-limited evaporation is common in humid regimes and
regulated by the availability of surface energy. To investigate the potential influence of such type of control
(water-limited and energy-limited) over the spatiotemporal changes in the CDHW events in a warming
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Figure 4. (a) Spatial map showing the arid, transitional, and humid regions identified based on the Aridity Index for the climatological period, 1983-2016,
(b-d) Probability density of Past, 1983-1999 period (black), and recent warm, 2000-2016 period mean CDHWs (per event per year) for the arid, transitional, and
humid regions of the Globe based on (b) GPCC-CPC, (c) GPCC-BE, and (d) ERAS5 data sets.

climate, we examine the CDHW metrics in the arid, transitional, and humid regimes located in six different
continents across the globe.

In this study, the global arid, transitional, and humid regimes are identified based on the aridity index
(AI) (Barrow, 1992). The Al is calculated based on the ratio between the climatological annual-average
potential evaporation and precipitation (Ep/P), which represents the dryness/desertification characteristic
over a region (Cherlet et al., 2018; Greve et al., 2019). The global map of the arid (Al > 2.25), transitional
(0.9 < AI < 2.25), and humid (AI < 0.9) regimes derived based on the climatological period of 1983-2016
(Zheng et al., 2019) is shown in Figure 4a. To examine if the warming climate has a significant influence on
the spatiotemporal changes in the CDHW events over these regimes, we investigate the statistically signif-
icant change in the spatial distribution and shift in the median value of the CDHW metrics. To investigate

MUKHERIJEE AND MISHRA 90f13



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090617

if these changes are dependent on the choice of data sources, the analysis is performed based on the three
different combinations of data sets separately. Firstly, the 17-year mean magnitudes of the CDHW metrics
(CDHWf{, CDHWd, and CDHWs) are calculated for the past (1983-1999) and recent (2000-2016) periods,
separately. Finally, the spatiotemporal changes between the past and relatively warmer recent periods are
investigated by comparing the probability density function of mean CDHW metrics (CDHW;, CDHW,, and
CDHW,) for three different AI regimes. The probability density functions are generated by using appropri-
ate non-parametric kernel density estimators. Figures 4b-4d, Figures S6b-S6g, S7b-S7h, and S8b-S8h pres-
ent the probability density functions for the CDHW,, CDHW;, and CDHW;, obtained for each of the three
different regimes based on the globe and six continents.

The statistically significant change in the spatial distribution and shift in the median value of CDHW met-
rics are investigated for the recent period relative to the past period by using the two-sample Kolmogor-
ov-Smirnov test, and Wilcoxon rank-sum test (see A.4 in the Supporting Information), respectively. In all
three data sets, the spatial pattern of the mean CDHW metrics across the globe exhibit a significant (at
95% confidence level) positive shift in the median and the overall distribution during the recent period in
all three regimes (arid, transitional, and humid), however a relatively more prominent positive shift in the
median can be observed across the arid regimes (Figures 4b-4d).

Furthermore, a consistent increase in the CDHW metrics in the recent period is notable for the arid and
transitional regimes of North America, Europe, Australia, and arid regimes of Asia (Figures S6-S8). Nev-
ertheless, considerable spatially heterogeneity among the climate regimes as well as across the continents
can be noted across the data sets for the two time periods. The inter-continental heterogeneities are notable
among Africa and South America relative to the rest of the continents in the GPCC-CPC data sets. Even
changes in CDHW metrics in the GPCC-CPC data set across the humid regimes of Europe, North America,
and Asia are diametrically opposite to those in the ERAS5, and GPCC-BE data sets. Such notable inconsist-
encies across the humid regions may arise due to the uncertainties in temperature, specifically between
the GPCC-CPC and GPCC-BE data sets. This can be explained by the higher sensitivity of evaporation in
energy-limited conditions to changes in temperature (Miralles et al., 2019; Seneviratne et al., 2010). As such,
more significant variability in the results is noted across the humid equatorial regions such as in South
America and Africa.

Overall, our results are independent of the choice of data sets across significant regions and indicate an
increasing influence (control) of aridity on CDHW events during the recent period (2000-2016) compared
to the past (1982-1999). However, the potential influence of arid, transitional, and humid regions on CDHW
characteristics varies between the continents in a warming climate. Such inter-regime and inter-continental
heterogeneities may arise due to the non-uniformity in land surface fluxes (hydrological changes) over the
water-limited and energy-limited regions under global warming (Kumar et al., 2016). Besides, an increase
in the spatiotemporal changes in the magnitude and variability of seasonal precipitation and evaporation
(Konapala et al., 2020) can amplify the CDHW event characteristics in the recent warmer period. Further-
more, these heterogeneous impacts can also be attributed to the spatiotemporal variation in soil moisture
and wind speed under a changing climate that plays a significant role in modulating the land-atmospheric
interactions leading to increases in frequency, duration, and severity of CDHW events (McVicar et al., 2012;
Schwingshackl et al., 2017; Seneviratne et al., 2010).

4. Discussion and Concluding Remarks

The impact of compound drought and heatwave events results in more significant socio-economic damage
compared to individual events. This study investigated compound drought and heatwave characteristics,
such as frequency, duration, severity, and spatial extent based on a relatively warmer recent (2000-2016)
and a past period (1983-1999). The analysis is performed using three different combinations of observed and
reanalysis-based data sets to examine if the results are independent of the choice of data sources. In all three
data sets, a significant increase in drought-related heat waves and the corresponding spatial extent is noted
in the (warmer) recent period. Besides, frequency, duration, and severity of CDHW events have increased
substantially during the recent period. Our results highlight the regional amplifications of drought and
heatwave characteristics, which are often attributed to anthropogenic climate change (Erfanian et al., 2017;
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Griffin & Anchukaitis, 2014; Shao et al., 2018; Tingley & Huybers, 2013; Williams et al., 2015). The asym-
metric influence of warming was also revealed by the latitudinal variations in CDHW event metrics and the
associated temporal skewness in such variations with the NH witnessing more amplification in the recent
(2000-2016) warmer climate. The positive influence of warming on the CDHW event metrics is more prom-
inent in arid regions of the globe, and most importantly, the arid regions located in the continents of Asia,
Europe, Australia, and North America. However, the CDHW characteristics over the arid regions located
in Africa did not witness notable changes, which may be due to relatively greater (10%-20%) amount of
precipitation in the recent decade (2000-2009) as compared to the past decade (1990-1999) across some sta-
tions located in the arid regimes within the continent (Nicholson et al., 2018). A significant shift in CDHW
metrics over global arid lands highlights the potential influence of background aridity and the dominant
role of incoming energy and soil moisture variations in modulating the evaporation and intensification of
CDHW events in a warmer climate (Seneviratne et al., 2010). Data-related inconsistencies in the results are
mainly noted across the humid regions, especially in the equatorial belt.

The broad implication of our study is relevant to stakeholders associated with water resources (Mukher-
jee et al., 2020), agriculture (Lu et al., 2018; Zampieri et al., 2017), and health science-related disciplines.
The results from this study are particularly useful for CDHW impact assessment on health risk, crop loss,
and energy demands that are often neglected by the decision-makers and stakeholders. Besides, adequate
measures can be implemented by developing suitable forecasting tools to provide early warnings related to
CDHW events.

The quantification of the local to regional scale CDHW events are seldom challenging due to uncertainty as-
sociated with available data (Mukherjee et al., 2020; Trenberth et al., 2014), and differences in the evolution
of drought and heatwaves at different spatial scales and temporal resolutions (Mukherjee et al., 2020). For
example, monthly temperature anomalies compromise the daily variation of HW events; on the other hand,
the precipitation-based drought indicators potentially ignore the influence of temperature on droughts un-
der warming scenarios. Furthermore, spatiotemporal changes and heterogeneity in the CDHW event char-
acteristics are often associated with large scale teleconnections (Hao et al., 2018b; Mukherjee et al., 2020),
variations in soil moisture (Schwingshackl et al., 2017), magnitude and variability of seasonal precipitation
and evaporation (Konapala et al., 2020), as well as anthropogenic warming (Konapala et al., 2020; Zsche-
ischler et al., 2018). Therefore, integrating relative contributions from these influencing factors in a more
comprehensive manner can advance our understanding of the evolution of compound events.
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