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Climate warming and summer monsoon
breaks drive compound dry and hot
extremes in India

Akshay Rajeev,1 Shanti Shwarup Mahto,1 and Vimal Mishra1,2,3,*

SUMMARY

Considering the severe impacts of compound dry and hot extremes, we examine
the primary drivers of CDHEs during the summer monsoon in India. Using ERA5
reanalysis, we show that most of the CDHEs in India occur during the droughts
caused by the summermonsoon rainfall deficit. Despite a decline in the frequency
of summer monsoon droughts in recent decades, increased CDHEs are mainly
driven by warming and dry spells during the summer monsoon particularly in
the Northeast, central northeast, and west central regions. A strong land-atmo-
spheric coupling during droughts in the summer monsoon season leads to
frequent CDHEs in the Northwest and southern peninsular regions. Furthermore,
regional variations in land-atmospheric coupling cause substantial differences in
the CDHE occurrence in different parts of the country. Summer monsoon rainfall
variability and increased warming can pose a greater risk of compound dry and
hot extremes with severe impacts on various sectors in India.

INTRODUCTION

India has increasingly been affected by extreme weather and climate events such as droughts, floods, and

heatwaves (Kumar, 2013; Panda et al., 2017; Garg andMishra, 2019; Shah et al., 2021; Patel et al., 2022,Aad-

har and Mishra, 2020, Zhang et al., 2017). Compound extremes are concurrent or consecutive occurrences

of multiple extremes and their impacts are often greater than that of the individual extremes (Seneviratne

et al., 2012; Leonard et al., 2014; Zscheischler et al., 2020). Due to their severity, compound dry-hot ex-

tremes (CDHEs) have been widely examined for impact assessment (Sedlmeier et al., 2018; Zscheischler

et al., 2018). CDHEs can negatively impact the socioeconomic well-being of people as they can affect

food security, water availability, forest mortality, and human health (Poumadère et al., 2005; Allen et al.,

2010; Zscheischleret al., 2017; Mishra et al., 2020; Hettiarachchi et al., 2022,Toreti et al., 2019). In recent

years, compound extremes have increased considerably in many regions worldwide (Sharma and Mujum-

dar, 2017; Sarhadi et al., 2018; Alizadeh et al., 2020; Mukherjee et al., 2020; Mukherjee and Mishra, 2021).

A major contributor to co-occurrence of dry and hot extremes is the land-atmospheric feedback (Senevir-

atne et al., 2010; Miralles et al., 2012,2019). For instance, the European heatwaves of 2003 were influenced

by soil moisture deficit through land-atmospheric feedback (Fischer et al., 2007b). Similarly, Hauser et al.

(2016) demonstrated that the dry soils over Russia led to a 6-fold rise in the heatwave risk in the region.

In India, during the pre-monsoon season, hot extremes occur under extreme dry soil conditions and hence

are not found to be influenced by soil moisture deficits. However, during the summer monsoon, soil mois-

ture variability can influence temperature due to stronger land-atmospheric feedbacks (Mueller and Sen-

eviratne, 2012; Ramarao et al., 2016). In these cases, compound extremes were caused by the land-atmo-

spheric feedback driven by dry extremes. The land-atmospheric feedback is increasingly affected by

anthropogenic warming (Seneviratne et al., 2006; Berg et al., 2016). Alizadeh et al. (2020) reported that

in the USA, CDHEs were driven by meteorological droughts in the past, while anthropogenic warming

has become a dominant driver during the recent period. Similarly, Vogel et al. (2021) showed that the pri-

mary cause of increased CDHE in the Mediterranean region was rising temperatures rather than decline in

precipitation.

Even though CDHEs have known to significantly affect human systems (health, food, water, and energy sys-

tems), these have not been critically examined over India (Sharma and Mujumdar, 2017; Mishra et al., 2020;
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Dash and Maity, 2021; Guntu and Agarwal, 2021). Particularly, the role of land-atmospheric coupling on

compound extremes over India remains largely unrecognized. Therefore, we aim to evaluate the changes

in CDHE occurrence in India during the observed period (1950–2020). We address the three major ques-

tions: 1) How has CDHE frequency changed during the observed period and what are its major drivers?

2) How has fluctuations inmonsoon rainfall and increase in climate warming affected CDHEs? 3) How crucial

is the role of land-atmospheric feedback on CDHEs in India? We defined CDHEs using root zone soil mois-

ture (�60 cm, Mishra et al., 2018) and maximum temperature from ERA5 reanalysis to account for the land-

atmospheric coupling. We estimated precipitation, maximum temperature, and soil moisture anomalies

from ERA5 reanalysis for the 1950–2020 period.

RESULTS

Observed changes during the summer monsoon season

First, we estimated total rainfall, maximum temperature, and soil moisture anomaly from 1950 to 2020 for

the summer monsoon season (Figure 1). Since droughts occur due to summer monsoon failure, we used

monsoon precipitation anomalies to identify and characterize meteorological droughts. Several years

experienced precipitation anomalies less than �10% and can be classified as droughts. We identified 11

drought years while the most substantial rainfall deficit occurred during 1987 with rainfall deficit

of�30%.We find a gradual decline in the summermonsoon rainfall over India during 1950–2020 (Figure S1),

which can be attributed to anthropogenic factors such as warming in the Indian ocean, agricultural inten-

sification, and anthropogenic aerosols (Bollasina et al., 2011; Mishra et al., 2012; Roxy et al., 2015). The

decline in the summer monsoon precipitation is also linked with the increase in dry spells (Rajeevan

et al., 2010) and may affect the frequency of compound dry-hot extremes.

Air temperature during the summer monsoon season increased in the observed period of 1950–2020

(Figures 1B and S1). The mean monsoon temperature anomaly remains negative in most years before

1980. However, after 1980, temperature during the summer monsoon showed positive anomalies and

increased continuously (Figure 1B). Driven primarily by anthropogenic warming, this rise in temperature

could also be modulated by summer monsoon rainfall variability as we find a decline in monsoon precip-

itation over India (Figures 1A and S1). Recent studies reported that CDHEs are increasingly driven by tem-

perature rather than dry extremes (Sarhadi et al., 2018; Alizadeh et al., 2020). Moreover, soil moisture plays

a role in intensifying and propagating temperature extremes during CDHE events because of robust land-

atmospheric feedbacks during CDHEs (Miralles et al., 2019).

Considering the importance of land-atmospheric coupling in CDHEs, we use soil moisture to characterize

droughts. We estimated SSI for the monsoon season and defined drought years as SSI less than �1 (Fig-

ure 1C). Likemeteorological droughts, we identified 11 agricultural droughts (based on SSI) in the observed

period, with the most severe drought occurring in 1987 (SSI = �2.8). Standardized indices based on soil

moisture and precipitation captured droughts during the observed period like the other methods/indices

used in the previous studies (Kumar, 2013; Shah and Mishra, 2020). For instance, 1966, 1987, and 2002

droughts were also identified using Standardized Precipitation Evapotranspiration Index (SPEI) by Kumar

et al. (2013) and using Integrated Drought Index (IDI) by Shah andMishra, (2020). The summer monsoon SSI

has increased despite a decline in themonsoon precipitation. Anthropogenic factors may be a driver of this

contrast in the summer monsoon precipitation and soil moisture over India. For instance, Niyogi et al.

(2010) show that agricultural intensification and irrigation during the pre-monsoon season may contribute

to this rise of monsoon season SSI. Similarly, Ambika and Mishra, (2019) showed the influence of intensive

irrigation over the Indo-Gangetic plain on cooling primarily due to enhanced evapotranspiration. Thus,

precipitation and soil moisture trends may not be consistent in the regions that are intensively irrigated.

Next, we used STA and SSI pentads during the summer monsoon season to estimate the annual CDHE fre-

quency during the observed period over India. While previous studies used precipitation to characterize

CDHEs (Sharma and Mujumdar, 2017; Mishra et al., 2020; Dash and Maity, 2021; Guntu and Agarwal,

2021), considering the importance of soil moisture variability on land-atmospheric feedbacks in the sum-

mer monsoon season, we employ SSI to characterize CDHEs. CDHEs during the summer monsoon

increased in the observed period (Figure 2A). The highest frequency of CDHEs (18 pentads) was observed

in 1987, which can be attributed to severe drought. Similarly, most years with higher CDHE frequency expe-

rienced summer monsoon drought. For instance, 1972 (7 pentads), 1974 (5 pentads), 1979 (7 pentads), 1982

(6 pentads), 2002 (7 pentads), and 2014 (10 pentads) experienced considerable frequency of CDHE events.
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Droughts contribute to rise in temperature during the summer monsoon season, which can lead to the co-

occurrence of concurrent hot and dry extremes. However, CDHEs also occur during relatively shorter (1–4

pentads) non-drought periods. In recent years, an increased frequency of CDHEs in non-drought years has

been noted. For instance, 2012, 2015, 2017, and 2019 did not experience a widespread drought but wit-

nessed considerable CDHEs, primarily due to localized droughts and warming. Widespread summer

monsoon droughts have declined sharply in the recent decade; therefore, the increased CDHE frequency

is primarily due to the rise in non-drought CDHEs. Moreover, the increase in non-drought CDHEs indicates

that even if drought occurrence remains unchanged, CDHE frequency will continue to rise (IPCC, 2021).

Subsequently, we examined the spatial variation in temperature extremes and soil moisture deficits over

India. We estimated the composite SSI and STA during CDHEs. Since the process driving CDHEs during

Figure 1. Observed changes during the summer monsoon season in India

(A) Anomaly of total monsoon rainfall (%).

(B) Anomaly of mean monsoon maximum temperature and (C) Standardized anomaly of mean monsoon period soil moisture. The red dashed line in A)

Correspond to �10% precipitation anomaly below which we consider as drought. Similarly for C) The red dashed line corresponds to �1 standard deviation

which is the threshold for drought.
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the drought and non-drought periods is different, we consider them separately. We find a substantial nega-

tive SSI over most of India during the drought period (Figure 2B). Almost all the regions exhibit SSI less

than �0.8; however, a few regions are affected by SSI less than �1.2. Similarly, in the case of composite

STA, we find that almost the entire Northwest region is affected by standardized anomaly higher than

0.8 (Figure 2C). Our results show that majority of the country is affected by soil moisture deficits and

extreme temperatures during the non-drought period. However, compared to the drought period, the in-

tensity of SSI and STA is considerably less. The composite STA during non-drought period shows a consid-

erable overlap with the areas with soil moisture deficits implying that those regions are affected by CDHEs

(Figures 2D and 2E). Overall, central north-India (20–30N, 75–85E) is identified as a hotspot of CDHEs in

both the drought and non-drought periods. The difference in intensity during the drought and non-

drought periods can be because of the variations in land-atmospheric coupling during these periods.

Occurrence of compound extremes during drought and non-drought periods

As the characteristics of CDHEs during droughts and non-droughts vary, we examined the differences

based on their duration, intensity, and areal coverage. We find a significant (p-value < 0.05) difference in

duration of compound extremes during drought and non-drought periods (Figure 3A). For instance,

mean duration of CDHEs during droughts is longer (2.71 pentads) than non-drought periods (1.76 pen-

tads). While most non-drought CDHEs have a duration of only one pentad, CDHE duration during drought

is more spread out, with some events lasting about six pentads. The longer duration of CDHEs during

drought can be due to the land-atmospheric feedback, where the dry extremes lead to hot extremes

and warm spells (Miralles et al., 2019; Vogel et al., 2021). Since summer monsoon droughts occur due to

low rainfall, the soil moisture is not rejuvenated for a prolonged period indicating a longer dry period.

The long dry period and land-atmospheric feedback result in an increased warm spell frequency, which

can lead to longer CDHE durations (Manning et al., 2019). On the other hand, during non-drought years,

dry periods occur due to breaks (dry spells) in monsoon rainfall, which deplete soil moisture. However,

these dry periods do not exist for an extended period as the dry spell durations are shorter. Dry spell fre-

quency has increased in the observed period (Singh et al., 2014), which could be a reason for the rise in non-

drought CDHEs.

Another effect of the land-atmospheric coupling is the difference in intensity between CDHEs in drought

and non-drought periods. CDHEs have significantly (p-value < 0.05) higher intensities during droughts than

during non-drought periods (Figure 3B). For instance, mean intensity of CDHEs during droughts is four

pentads, whereas, while during non-droughts it is around three pentads. The higher intensity of CDHEs

during droughts may be due to the self-intensification mechanism where the dry and hot extremes intensify

one another (Miralles et al., 2019; Alizadeh et al., 2020). During droughts, the lack of soil moisture reduces

evaporation and partitioning of solar radiation into latent heat, which causes a larger fraction of the

incoming radiation to be translated into sensible heat, warming the environment (Fischer et al., 2007a).

High temperatures increase evaporative demand, further desiccate soils, and increase the temperature.

This cycle of drying and warming impedes the formation of clouds and, in turn, restrains local convective

precipitation, further intensifying these extremes (Schumacher et al., 2019; Alizadeh et al., 2020). CDHEs

in the non-drought period are primarily associated with dry spells and are preceded by wet spells. Hence,

a longer time is required for soil desiccation, limiting the development of hot extremes over a region and

prevents high CDHE intensities.

Next, we evaluated the differences in the areal coverage of CDHEs during droughts and non-drought

years. The areal coverage of CDHEs reveals that such events affect significantly larger areas (p-value < 0.05)

during droughts than during non-drought periods (Figure 3C). For non-drought CDHEs, most events have

smaller coverage with a mean area of 11.9% of the country. On the other hand, CDHEs during drought have

amean areal coverage of 22.8%, withmost such events covering larger areas than non-drought CDHEs. The

significant difference in the areal coverage can be attributed to another mechanism associated with the

land-atmospheric feedback, i.e., self-propagation. During self-propagation, dry and hot extremes are

Figure 2. Observed changes in CDHEs during the summer monsoon season in India

(A) Annual monsoon CDHE frequency from 1950–2020. A increasing trend (p value=0.098) is observed.

(B) Standardized soil moisture (SSI) composite of drought CDHEs.

(C) Standardized temperature anomaly (STA) composite of drought CDHEs.

(D) Standardized soil moisture (SSI) composite of non-drought CDHEs, and (E) standardized temperature anomaly (STA) composite of non-drought CDHEs.
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Figure 3. Compound extremes characteristics during drought and non-drought periods

Normalized densities of CDHE (A) duration, (B) intensity, and (C) area (%) for the drought (red) and non-drought (orange)

periods using kernel-density estimates. All three variables exhibit significant (p value<0.05) differences between the two

periods. The mean values for each variable are provided.
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spread from one region to downwind regions (Herrera-Estrada et al., 2019; Miralles et al., 2019; Schu-

macher et al., 2022). During droughts, when evaporation is reduced due to the lack of soil moisture, the

atmospheric supply of water is depleted, and this deficit may propagate in time and space (Schumacher

et al., 2022), causing CDHEs to spread over a vast area. In the case of the non-drought period, the dry spells

that drive CDHEs have a shorter duration as they are preceded and followed by high intensity wet episodes

(Rajeevan et al., 2010; Singh et al., 2014). The shorter duration of dry spells prevents the complete depletion

soil moisture over a particular region, which limits the propagation of CDHEs. Hence, CDHEs during non-

drought period have smaller areal coverage.

The characteristics of CDHEs during drought and non-drought periods are consistent with the atmospheric

anomalies (Figure 4). We constructed composites of anomalies of geopotential height, mean sea level

pressure, wind (u,v) at 850 hPa, and integrated water vapor for CDHEs that occurred during drought and

non-drought periods in the summer monsoon. We find that relatively more intense anomaly composite

exist for CDHEs that occurred during drought compared to non-drought periods (Figure 4). Atmospheric

anomalies during CDHEs in drought and not drought period exhibit positive geopotential height and

mean sea level pressure anomalies while negative integrated water vapor anomalies. The anti-cyclonic

wind pattern is also present for CDHEs in drought and non-drought periods. However, the intensity of

anomalies during drought is much stronger than during non-drought period (Figure 4).

The occurrence of dry spells directly affects compound extremes during non-drought years as it influ-

ences their duration, intensity, and areal coverage. On the other hand, we note a substantial overlap

in the characteristics of CDHEs during drought and non-drought, which indicates that dry spells alone

may not be the sole cause of non-drought CDHEs. Panda et al. (2017) examined the change in heatwaves

and warm spells over India and reported an increase in such events in the recent period. Hence, if dry

spells are associated with rising warm spells, the latter can accelerate soil moisture depletion and warm-

ing during non-drought years. This accelerated depletion of soil moisture also makes a larger portion of

the dry spell period available for intense CDHEs, increasing the duration and areal extent of such

extremes.

Figure 4. Atmospheric conditions during drought and non-drought periods

Composite anomalies of (A) Geopotential Height, (B) Mean Sea Level Pressure (shaded) and wind at 850 hPa (arrows), (C)

Integrated water vapor during the drought period. (D), (E), and (F) represent the same but for non-drought period.

Anomalies were constructed using the data from ERA5 reanalysis for 1979–2019 period.
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Relative contribution of major drivers of CDHE

Dry and warm spell frequency plays a substantial role in controlling CDHEs during the summer monsoon.

While dry spells are essential for developing non-drought CDHEs, warm spells can affect all CDHE devel-

opment. Since we consider CDHEs during the summer monsoon period, changes in the monsoon precip-

itation can also potentially control CDHEs over India. Moreover, recent studies have reported changes in

rainfall and temperature as potential drivers of CDHEs (Chiang et al., 2018; Manning et al., 2019; Alizadeh

et al., 2020; Bevacqua et al., 2022). Hence, to discern the role of each of these drivers on compound ex-

tremes, we estimated their relative contributions. In addition, the fraction of CDHEs formed during drought

and non-drought years was also calculated (Figure 5A).

We find that the likelihood of compound extremes is higher during monsoon droughts as the fraction of

CDHEs during droughts is more than twice that during non-drought periods over India (Figure 5B). The

Northwest and Southern peninsular regions experience most CDHEs in India, as they exhibit the largest

fraction of compound extremes during drought and non-drought period (Figures 5H and 5J). In the North-

west region, CDHEs occur 30% of the time during droughts and 8% of the time during non-drought years

(Figure 5H). Similarly, the Southern Peninsular region has an elevated fraction during drought (32%) and

non-drought (9%) periods (Figure 5J). Despite the similarity in the fraction of compound extremes across

India, the primary drivers causing these extremes differ. We find that compound event frequency over India

is primarily driven by warm spell and dry spell frequency with the highest relative contribution among the

four drivers (Figure 5C). On the other hand, in most regions, temperature during the monsoon season and

warm spell frequency are the dominant drivers. For example, compound extreme frequency in the South-

ern Peninsula is dominated by warm spell frequency (43%) and temperature (34%) [Figure 5K]. However, the

Northwest and West Central regions deviate from this as all drivers show similar contributions (Figures 5I

and 5M).

The influence of warm spells and monsoon temperatures on CDHE over India implies that rather than

changes in the summer monsoon precipitation, the rising temperatures drive CDHE occurrence. Recent

studies have examined the primary drivers of CDHEs and found that such events are increasingly being

driven by long-term warming (Chiang et al., 2018; Manning et al., 2019; Alizadeh et al., 2020). In recent

years, India witnessed increased warm spells and heatwaves (Panda et al., 2017) leading to increased fre-

quency and intensity of all CDHEs (Sharma and Mujumdar, 2017; Mishra et al., 2020; Guntu and Agarwal,

2021). Moreover, Bevacqua et al. (2022) showed that such a rise in future warm spell frequency can cause

the future CDHEs occurrence to depend on mean precipitation trends as future dry extremes will always

coincide with these warm spells.

The role of land-atmospheric coupling on CDHEs

We find that the dominant driver of CDHEs in India is warm spell frequency; however, there are consider-

able variations in the contribution of these drivers across different regions. The fraction of CDHEs during

drought and non-drought periods varies in different parts of the country. A potential cause for these dis-

parities may be the differences in land-atmospheric feedback. Moreover, we find that CDHE frequency,

intensity, and coverage are also linked to the land-atmospheric coupling. Therefore, to assess the role of

land-atmospheric feedback on CDHEs over India, we estimated the composite soil moisture-temperature

(SM-T) coupling over the region. We considered years without CDHEs as normal years (N), years with

CDHEs during drought years (D), and non-drought years (ND).

During normal years, the highest coupling is observed in the Northwest region (Figures 6A and 6G) fol-

lowed by the Southern peninsula (Figure 6H). Ramarao et al. (2016) reported that the strong coupling in

these regions as evapotranspiration is largely determined by the degree of soil moisture deficit rather

than net radiation. On the contrary, the central-northeast and Northeast regions exhibit weak land-atmo-

spheric coupling, which can be attributed to limited energy to drive evapotranspiration (Ramarao et al.,

2016) [See also aridity variation in Figure S2]. During droughts, these high and low coupling patterns

intensify and extend over larger areas (Figure 6B). On the other hand, the coupling strength is compar-

atively weaker during non-drought periods (Figure 6C). The spatially averaged SM-T coupling over India

shows that normal years have the lowest coupling while drought years exhibit the highest coupling

(Figure 6D).
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The differences in SM-T coupling during drought and non-drought periods are reflected in the occurrence

of compound extremes. The stronger SM-T coupling during droughts can drive up CDHE frequency during

the period. The soil moisture deficits during droughts cause the incoming shortwave radiation to be con-

verted to sensible heat driving up the local temperature. During the non-drought period, incoming short-

wave radiation is converted primarily to latent heat because of the evaporation of soil moisture, preventing

temperature extremes and subsequently compound extremes. Furthermore, areas having strong coupling

Figure 5. Relative contribution of major drivers of CDHE

(A) Homogenous rainfall regions of India, fraction of drought and non-drought pentads in (B) All-India (p value<0.05).

(D) Central Northeast (p value<0.05).

(F) North East (p value<0.05).

(H) North West (p value<0.05).

(J) Southern peninsula (p value<0.05).

(L) West Central regions (p value<0.05) and Relative contribution of precipitation anomaly, temperature anomaly, dry spell frequency, and warm spell

frequency in (C) All-India.

(E) Central Northeast.

(G) North East.

(I) North West.

(K) Southern peninsula.

(M) West Central regions.
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have a higher frequency of CDHEs. For example, the Northwest and Southern regions where SM-T

coupling is the strongest are also the regions that exhibit the largest fraction of compound extremes.

The lack of soil moisture in these regions aid in the self-intensification of land-atmospheric feedback

causing intense CDHEs.

While SM-T coupling directly affects CDHEs, it also indirectly influences their drivers. In the Northwest re-

gion, there is a substantial contribution from precipitation anomaly and dry spell frequency compared to

other regions (Figure 5I). Since this region is arid, the soil moisture is strongly coupled with precipitation.

The strong coupling over this region can cause any fluctuations in soil moisture to impact the local temper-

ature and trigger CDHEs. However, a similar pattern does not occur in the Southern peninsular region

despite the strong coupling. The relatively weaker SM-T coupling in this area means that precipitation-

driven changes in soil moisture do not entirely influence the regional temperature and could account for

the relative contribution of its drivers. Finally, the lack of SM-T coupling in the Northeast region means

that increase in CDHE frequency is solely due to regional warming trends, which affect monsoon temper-

ature anomalies and warm spell frequency.

Figure 6. Land-atmospheric coupling over the Indian region

Soil moisture-temperature coupling composite during (A) normal, (B) drought, and (C) non-drought years, and spatially

averaged soil moisture for (D) All-India, (E) Central Northeast, (F) North East, (G) North West, (H) Southern peninsula, (I)

West Central. Here values closer to 1 imply strong coupling and 0 or lower signify no coupling.
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Discussion and conclusions

Considering CDHE hazards, particularly during the monsoon, it is essential to quantify the primary drivers

of such extremes in India. Our results show that despite an increase in monsoon period soil moisture over

India, CDHE frequency has increased during the observed record of 1950–2020, which is consistent with

previous studies over India (Sharma and Mujumdar, 2017; Dash and Maity, 2021; Guntu and Agarwal,

2021). A higher annual frequency of CDHEs is associated with drought years; however, in the recent

decade, there has been a rise in CDHE frequency in non-drought years. This rise in the frequency of

non-drought CDHEs could be due to a decline in monsoon rainfall in recent years, which has led to an in-

crease in dry spell frequency (Singh et al., 2014; Ramarao et al., 2016). The influence of dry spells, which are

less intense than droughts, is reflected in the duration, intensity, and areal extent of CDHEs. We find that

the drought period CDHEs are more prolonged, more intense, and cover a larger area than non-drought

CDHEs due to substantial land-atmospheric feedbacks (Miralles et al., 2019). Subsequently, the rise in

warm spell frequency over India driven by anthropogenic warming (Panda et al., 2017) can also impact

CDHEs by modulating the SM-T coupling over a region. This influence is also evident in our results which

show that CDHE frequency in most regions is linked mainly to warm spell frequency and monsoon temper-

ature anomalies. This pattern of CDHEs being increasingly driven by rising temperatures has been

observed in various regions of the globe (Chiang et al., 2018; Alizadeh et al., 2020; Vogel et al., 2021).

The rise in warming-driven CDHE frequency signifies that even if droughts remain unaffected, CDHEs

will continue to rise (IPCC, 2021). Furthermore, consistent with previous studies (Seneviratne et al., 2010;

Miralles et al., 2012,2019; Alizadeh et al., 2020), we find that land-atmospheric coupling influences CDHE

frequency directly, by modulating the local soil moisture and temperature, and indirectly, by impacting

their drivers.

Our analysis is based on ERA5 reanalysis data instead of station-based observations. ERA5 reanalysis pro-

vides the land-atmospheric variables through coupled land-atmosphere simulations that can be used to

examine the role of land-atmospheric coupling. Despite the ERA5 reanalysis performs better than other

high-resolution reanalysis products, there can be differences in trends in land-atmospheric variables

compared to observations. For instance, the summer monsoon season drying trend over the Indo-

Gangetic Plain is relatively underestimated in ERA5 reanalysis compared to observations (Mishra, 2016;

Shah and Mishra, 2016). Moreover, our analysis is based on a fixed threshold of soil moisture and temper-

ature to estimate compound dry-hot extremes. The identified frequency of compound extremes can

change with the choice of threshold. Notwithstanding these limitations, our findings showing the differ-

ences in compound hot-dry extremes during the drought and non-drought summer monsoons are impor-

tant for evaluating the impacts of these extremes on other sectors (water resources and agriculture). More-

over, estimation of hot-day compound extremes based on rainfall and temperaturemay not account for the

role of land-atmosphere coupling. Considering the importance of compound extremes in India, it is vital to

develop early warning systems to predict these events.

Based on our findings, we conclude the following:

1) CDHE frequency over India has increased during the observed period (1950–2020). While majority of

CDHEs occurred during droughts caused by monsoon failures, the recent rise in compound event

frequency is primarily due to increase in CDHEs during non-drought years.

2) The rise in compound dry-hot extremes during non-drought years can be attributed to the decline in

summermonsoon rainfall as it led to an increase in dry spells during this period. Additionally, a warm-

ing-driven rise in warm spells over India is another major driver of compound extremes. While dry

spells and droughts lead to the rise frequency of CDHEs, the increase in warm spell frequency further

intensifies such extremes.

3) Compared to non-drought period, compound extremes during droughts have higher intensity,

duration, and areal extent making such events extremely hazardous. This increased severity of

CDHEs during droughts is due to the stronger land-atmospheric coupling.

4) While the land-atmospheric coupling influences the compound extremes directly by modulating soil

moisture and temperature, the coupling can also affect the drivers of these extremes causing

regional differences in CDHE occurrence.
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D., and Schär, C. (2007a). Soil moisture–
atmosphere interactions during the 2003
European summer heat wave. J. Clim. 20, 5081–
5099. https://doi.org/10.1175/JCLI4288.1.

Fischer, E.M., Seneviratne, S.I., Lüthi, D., and
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METHOD DETAILS

Data

We obtained hourly total precipitation, air temperature at 2m height, dew-point temperature, wind, sur-

face pressure, humidity, and volumetric soil moisture for the top three layers (0-7cm, 7–28cm, 28–100cm)

at a 31km spatial resolution from the ERA5 reanalysis, which perform better than the other reanalysis prod-

ucts over India (Mahto andMishra, 2019). Unlike off-line simulations from land surfacemodels, coupled sim-

ulations from the ERA5 reanalysis can be used to examine the land-atmospheric coupling. We used the

hourly variables from ERA5 to estimate daily accumulated precipitation, maximum temperature, and volu-

metric soil moisture for each layer. Moreover, we obtained daily temperature, dew-point temperature,

wind, surface pressure, and humidity from the ERA5 reanalysis, which were used to estimate potential

evapotranspiration (PET) using the Penman-Monteith method (Penman, 1948; Zotarelli et al., 2010). We

used the preliminary ERA5 reanalysis from 1950 to 1978 and the final release for 1979 to 2020 (Hersbach

et al., 2020). The availability of continuous data of atmospheric and land-surface variables at high temporal

and spatial resolutions is vital for examining CDHEs (Hirschi et al., 2010). We estimated the top 60cm to

evaluate soil moisture content using volumetric soil moisture from ERA5 as it is the effective root-zone

depth for most crops (Mishra et al., 2018).

Identification of CDHEs

We averaged the daily maximum temperature and soil moisture (root zone) over five days to convert to

pentads. We calculated the standardized temperature anomaly (STA) and standardized soil moisture index

(SSI) using the maximum temperature and soil moisture pentads from ERA5, respectively. We only consid-

ered the pentads for the summer monsoon season (June-September, JJAS) in our analysis. While previous

studies used copula (Zhou and Park Williams, 2019; Zhou and Zhang, 2019) to identify the compound ex-

tremes, we adopted a threshold-based approach that has been extensively used to examine compound

extremes in India (Sharma and Mujumdar, 2017; Mishra et al., 2020; Ambika and Mishra, 2021; Dash and

Maity, 2021; Guntu and Agarwal, 2021). Since the pentad-based estimates smooth out short-term fluctua-

tions in soil moisture and temperature, compound extremes were identified using the fixed thresholds for

REAGENT OR RESOURCE SOURCE IDENTIFIER

Deposited data

ERA5 reanalysis data ECMWF https://doi.org/10.24381/cds.adbb2d47

Software and algorithms

Code to reproduce the results of this study Authors https://github.com/rajeevakshay/CDHE_India
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pentads. We consider pentads for which STA exceeds 1 as hot extremes and pentads with SSI less than �1

as dry extremes. STA (SSI) of 1(-1) corresponds approximately to the 80th (20th) percentile of maximum

temperature (soil moisture). Therefore, pentads where hot and dry extremes co-occur, i.e., STA>= 1 and

SSI<= �1, were identified as CDHE.

Since we focus on the summer monsoon droughts, we only considered pentads during the monsoon sea-

son each year. We used the spatially averaged soil moisture overIndia as our aim was to identify large scale

CDHE during the summer monsoon season that have large impacts. However, the analysis can be also per-

formed using soil moisture for different regions to examine regions CDHEs. We estimated the standard-

ized soil moisture index (SSI) using the soil moisture anomaly derived from mean soil moisture for the sum-

mer monsoon season. Finally, we considered years with SSI less than �1 as drought years. We estimated

the fraction of CDHEs during drought and for those which are not drought driven. The fraction of

CDHEs during drought is calculated by dividing the total CDHEs pentads that occurred during drought

years by the total drought pentads. For example, if there are ten drought years, the total drought pentads

are 250 (25 pentads during monsoon). Then if out of 250, 25 pentads had compound extremes, the fraction

of CDHEs during drought is 0.1. In the case of the non-drought period, all years in which droughts did not

occur were considered non-drought years. In this case, the fraction of CDHEs during the non-drought

period is the ratio of total CDHEs pentads that occurred during non-drought years to the total non-drought

pentads. Subsequently, we aggregated the fraction of CDHEs during the two periods spatially across the

different homogenous rainfall regions of India and examined the major drivers of CDHEs.

Estimation of dry and warm spells

The Indian region is affected by dry and wet spells associated with shifts in the continental tropical conver-

gence zone (Annamalai and Slingo, 2001). These dry and wet spells in the summer monsoon season can be

caused by variability in the seasonal monsoon rainfall (Rajeevan et al., 2010). Moreover, as precipitation

variability affects soil moisture conditions, dry and wet spells can strongly influence the occurrence of

CDHEs during the monsoon period. We used detrended precipitation anomalies to define the dry and

wet spells to exclude the influence of seasonal mean precipitation trends. We first removed the time vary-

ing mean from the daily precipitation time series and normalize those anomalies by the standard deviation

of precipitation over the entire record (1950–2020). Finally, we define dry/wet spells as events having at

least three consecutive days with precipitation anomalies consistently exceeding one standard deviation

of daily precipitation. Previous studies have used one standard deviation (Rajeevan et al., 2010; Singh

et al., 2014) and 0.7 standard deviation (Mandke et al., 2007) as thresholds to identify dry spells. We esti-

mated the annual dry spell frequency using the total number of dry spells during the summer monsoon

period.

Globally, due to land-atmospheric coupling, dry spells are associated with warm periods (Miralles et al.,

2019). These warm spells influence the intraseasonal variations of the Indian summer monsoon by modu-

lating soil moisture and can further exacerbate impacts of droughts (Mazdiyasni and AghaKouchak,

2015; Ramarao et al., 2016). We used daily maximum temperature from ERA5 to characterize the warm

spells as warm spells can affect CDHE occurrence by controlling the land-atmosphere coupling. We define

a warm spell as the 3-day exceedance of the 90th percentile threshold of the daily maximum temperature

values of the entire period (Mazdiyasni and AghaKouchak, 2015; Panda et al., 2017). We calculated the

annual frequency of warm spells by estimating the total number of warm spells during the summer

monsoon season.

Land-atmospheric coupling

We estimated the feedback between soil moisture (SM) and temperature (T) as a measure of land-atmo-

spheric coupling through the differential skill of two energy balance approaches based on evapotranspi-

ration (ET) and potential evapotranspiration (PET) [Miralles et al., 2012, 2014]. The land-atmospheric

coupling framework was initially developed for the annual timescale. However, the framework can be

applied for shorter timescale, such as during heatwaves, by considering standardized anomalies rather

than climatological mean (Miralles et al., 2012,2014). We estimated the SM-T coupling matrix (p) at pentad

scale, which is defined as:

p = T 0�Het
0 � Hpet

0� (Equation 1)
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Het
0 = Rn � lET (Equation 2)

Hpet
0 = Rn � lPET (Equation 3)

Where, T is the temperature, Het and Hpet are the sensible heat flux terms for ET and PET, respectively. Rn is

the surface net radiation inWm�2. The primes in T,Het andHpet indicate the respective standardized anom-

aly. The latent heat of vaporization l (Jkg�1) can be estimated as a function of T (Henderson-Sellers, 1984),

whilep can be positive or negative. Negative values of p represent no coupling, whereas coupling strength

increases with increasing positive values. Positive values ofp are found in the regions where a large fraction

of variability in T is explained by the partitioning of latent and sensible heat under soil moisture deficit (Mir-

alles et al., 2012).

The units of ET and PET are in kgm�2sec �1while estimating both the energy terms in Equations 2 and3. The

SM-T coupling consists of two terms: temperature (T 0) and energy ðHet
0 � Hpet

0Þ, where energy term

describes the effect of declining soil moisture on the energy budget by providing negative feedback to

temperature through increasing sensible heat, especially during the compound drought and heatwave

condition. We estimated the land-atmospheric coupling matrix (p) for the observed period 1950–2020

over the Indian region using the variables (T, Rn, Het and Hpet) from ERA5 reanalysis.
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