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Abstract. Quantifying the regional intensification of Com-
pound Droughts and Heatwaves (CDHW) is critical under
changing precipitation regimes. The spatiotemporal evolu-
tion of CDHW events is investigated across India (1951–
2016) using the Standardized Net-Precipitation and Distri-
bution Index (SNEPI) to capture intra-monthly precipita-
tion spell variability. Results indicate a statistically signif-
icant 86 % rise in the frequency of individual heatwaves
and a significant drought intensification in historically hu-
mid zones. Consequently, the spatial extent of India affected
by the CDHWs expanded from 10 % to 35 %, with hotspots
transitioning from the historically arid northwest to humid
eastern and southern regions. While lower-intensity CDHW
events expanded 3 to 5 times spatially, the extreme cat-
egory experienced a 25-fold increase. Notably, 46.4 % of
moderate and 43.3 % of elevated events escalated to higher
severities, suggesting a cascading amplification of risk. De-
spite intervening wet periods, 10 %–16 % of CDHWs re-
curred, indicating limited mitigation over traditionally wet
and resilient regions. Agricultural impact analysis reveals
that high-intensity CDHW years reduced national rice yields
by 12.1 %, while wheat yields increased by 13.9 %, high-
lighting the critical but often overlooked influence of CDHW
occurrences on India’s major crops, i.e., suppressing water-
sensitive rice production but favouring heat-resilient wheat
cultivation. Furthermore, the emergence of statistically dis-
tinct new hotspots, particularly in Kerala and Assam, coin-
cides with a 4–10 fold increase in exposed urban populations,
underscoring the urgent need to reassess regional adaptation
strategies under evolving rainfall regimes across both tradi-
tionally arid and humid zones.

Highlights.

– Droughts in tropical monsoon regions are now more pro-
nounced and persistent due to changing precipitation spell vari-
ability. CDHW hotspots have shown a significant regime shift
(p < 0.1) from the arid northwest to the historically humid
eastern and southern peninsula.

– While the spatial extent of moderate, elevated, severe, and in-
tense CDHW categories increased 3–4 fold across the country,
the extreme category spread ∼ 25 times.

– A cascading amplification of risk is observed where ∼ 45 % of
lower-intensity events in humid zones are now escalating into
severe and intense categories.

– High-intensity CDHW years suppressed national crop yields
by 12.1 %, demonstrating that explicitly combining heat stress
with precipitation-spell variability captures the multi-hazard
conditions most damaging to Indian agriculture.

1 Introduction

The frequency, intensity, and societal costs of high-impact
climate extremes have surged worldwide in the recent
decades (Ridder et al., 2022; Seneviratne et al., 2021; IPCC,
2021). Concurrent compound extremes now attract increas-
ing attention because they exacerbate the damages even fur-
ther (Ali, 2025; Fehlman et al., 2025; Raymond et al., 2020;
Zscheischler et al., 2018, 2020). Specifically, compound
droughts and heatwaves (CDHW) have increased globally,
posing amplified threats to agriculture, water resources, and
human livelihoods (Tripathy et al., 2023; Tavakol et al.,
2020a; Mazdiyasni and AghaKouchak, 2015). Notably, the
intensity, frequency, and duration of heatwaves themselves
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have increased globally (Meehl and Tebaldi, 2004) and are
expected to continue to rise over the next century (Fischer
and Knutti, 2015; Meehl and Tebaldi, 2004). Additionally,
the drought characteristics have become more severe under
shifting precipitation patterns (Singh et al., 2021; Trenberth,
2011). Under these increasing anomalies of heatwaves and
droughts, fewer studies have rigorously evaluated how these
two hazards co-occur and evolve under the changing climatic
conditions.

Global and regional variations of the CDHW extremes
are extensively investigated (Feng et al., 2020); for example,
over Europe (Tripathy and Mishra, 2023; Ionita et al., 2021),
China (Feng et al., 2025; Liu et al., 2024; Kong et al., 2020),
Australia (Chapman et al., 2025), the United States (Rastogi
et al., 2023; Hao et al., 2020b), Southern Africa (Mbokodo
et al., 2023; Hao et al., 2020a), and at the global scale (He
et al., 2022; Mukherjee and Mishra, 2021; Zscheischler and
Seneviratne, 2017). Reportedly, the frequency, severity, and
duration of CDHW events have significantly augmented, par-
ticularly in hotspots like Africa, the Mediterranean, and Cen-
tral Asia, due to the rise in global temperatures (Takyi, 2024;
Wang et al. 2022). While substantial evidence highlights the
impact of this augmentation on environment, human health,
agricultural yield, water resources, and energy consumption
(Liu et al., 2025; Zhang et al., 2025; Tripathy et al., 2023;
Mukherjee et al., 2022; Mukherjee et al., 2020), the conclu-
sions derived from these studies are bound to be influenced
by how these extremes are quantified.

CDHW events are often investigated through dynamical
approaches using fully coupled climate models to simulate
physical land-atmosphere feedbacks (Liu and Qin, 2025;
Wang et al., 2024; Seo and Ha, 2022) and statistical ap-
proaches leveraging direct observations (Swain et al., 2024;
Liu, 2024; Takyi, 2024; Afroz et al., 2023; Leonard et al.,
2014) to quantify probabilistic interactions and dependence
structures (Miao et al., 2016; Fischer and Knutti, 2013;
Hao et al., 2013; Morán-Tejeda et al., 2014). Statistical ap-
proaches offer distinct advantages in the identification and
quantification of compound climate events, as they directly
integrate the observational data to capture the complex de-
pendencies and interactions among multiple variables, such
as temperature and precipitation, using multivariate distribu-
tions (Trepanier et al., 2017; Zscheischler and Seneviratne,
2017) and indicator approaches (Salvadori et al., 2007).
However, a critical limitation remains in how the precipita-
tion component of these interactions is parameterized.

Heatwaves are usually quantified as a sequence of consec-
utive sweltering days, deploying univariate indicators (McEl-
roy et al., 2020), rarely incorporating the joint behavior of
intensity and duration. Droughts, in contrast, are commonly
quantified through standardized indices to represent distinct
aspects of water availability (IPCC, 2021; Van Loon et al.,
2016; Dracup et al., 1980; Palmer, 1965; Gumbel, 1963). For
example, SPI (Standardized Precipitation Index) (McKee et
al., 1993), SPEI (Standardized Precipitation Evaporation In-

dex) (Vicente-Serrano et al., 2010), and scPDSI (Self Cali-
brated Palmer Drought Index) (Wells et al., 2004) are a few
commonly used indicators. SPEI is arguably a more accurate
representation of the regional drought condition, as it inte-
grates the impact of both temperature and precipitation (Peng
et al., 2024; Afshar et al., 2022; Vicente-Serrano et al., 2010).
Since all these indices rely on aggregated monthly or weekly
data, this creates a scale mismatch.

While the intramonthly variation of temperature is typ-
ically incorporated in heatwave identification, the intra-
monthly variations of the meteorological variables are sel-
dom considered in drought characterization, primarily be-
cause conventional drought metrics overlook short, intense
rainfall bursts interspersed with extended dry spells. How-
ever, augmentation of droughts across the world, due to in-
creasingly skewed distribution of precipitation resulting in
short, intense spells followed by long dry periods, is high-
lighted by many recent studies (Rawat et al., 2024; Singh
et al., 2023, 2021). Such intramonthly variations in precip-
itation spell/frequency have reportedly increased the occur-
rences of droughts, especially over the tropical and subtropi-
cal regions (Singh et al., 2023). The Standardized Net Precip-
itation and Distribution Index (SNEPI) developed by Singh
et al. (2021) quantifies the droughts by accounting for the
daily net precipitation distribution characteristics.

Therefore, while CDHWs are generally quantified at
weekly and daily resolutions using moisture-balance indices
(e.g., weekly scPDSI with daily heatwaves, or fully daily
standardized indices) (Zhang et al., 2024; Shan et al., 2024;
Tripathy and Mishra, 2023; Mukherjee and Mishra, 2021),
none has integrated intra-month precipitation-spell structure
directly into the drought component. Prior studies have pro-
vided valuable insights into CDHW identification, but their
reliance on aggregated weekly or daily deficit indices does
not capture the internal spell variability that governs drought-
heatwave linkages.

This study, addresses this specific knowledge gap, and ad-
vances the field by coupling SNEPI’s realistic spell-sensitive
drought metric with daily heatwave detection to construct a
7-decade record of CDHW events across India. Unlike tradi-
tional indices that aggregate daily data into a simple monthly
sum, SNEPI explicitly computes the non-uniformity of daily
net-precipitation distribution using a Uniformity Coefficient
(Uc) embedded within its formulation (Singh et al., 2021).
By incorporating the intra-month distribution of precipitation
spells into the index value itself, the proposed framework en-
ables investigation of transition dynamics, inter-seasonal de-
pendencies, and hotspot shifts in compound hazard severity
that may remain obscured under traditional indices which ef-
fectively “interpret” variable rainfall as a flat average.

Hence, we hypothesize that the evolving intra-month pre-
cipitation spell distribution patterns have altered the fre-
quency, persistence, and spatial distribution of CDHW oc-
currences, with impacts varying across diverse climate zones.
Testing this hypothesis over India, with diverse climatic
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zones and precipitation variability, provides a novel, process-
based perspective on the mechanisms driving CDHW inten-
sification.

Therefore, the overall objectives of this study are to (a) in-
vestigate the regional evolution and dynamics of droughts,
heatwaves, and their compound occurrences across India,
(b) develop a robust framework to identify, categorize,
and track CDHW events under varying climatic conditions,
(c) evaluate spatial and temporal shifts in CDHW character-
istics across historical periods and climate zones, and (d) as-
sess the broader implications of CDHW events, particularly
their potential impacts on agriculture and associated vulner-
abilities.

This article is organized as follows. Section 2 details
the dataset and the study area. Section 3 describes the de-
tailed methodology, followed by the results and discussion
in Sect. 4 and conclusions in Sect. 5.

2 Study Area and Data Used

India is chosen as our study region to test the hypothe-
sis, which spans about 3.29 million km2, encompasses di-
verse climate zones (as shown in Fig. 1; Beck et al., 2018;
Peel et al., 2007; Köppen, 1884), and exhibits heteroge-
neous hydro-meteorological characteristics. India has been
facing repeated extreme heatwave events exacerbated by un-
predictable monsoon patterns and rising temperatures (Web-
ster et al., 1998). Notably, many studies have highlighted a
substantial shift in the spell/frequency characteristics of pre-
cipitation and, thereby, its influence on the hydrological ex-
tremes (Goel and Rajendran, 2025; Vinnarasi and Dhanya,
2016; Singh et al., 2014; Sushama et al., 2010; Dash et al.,
2009).

The top northernmost region of India was unaffected by
the 2002 monsoon season drought, in contrast to the penin-
sular and northwestern regions (Chuphal et al., 2024). In
1965, the central and eastern regions of India were the most
severely affected by the most severe water year (Chuphal
et al., 2024). Additionally, the eastern, northwestern, and
southern regions of India were significantly impacted by
the 2002 calendar year drought. Overall, Himachal Pradesh
(located just below Ladakh) experienced the most severe
droughts between 1901 and 2021 (Chuphal et al., 2024).
Conversely, one of the top five heatwave hotspot states in the
2013–2022 decade was Rajasthan (Pai et al., 2013). The heat-
wave days also exhibited a substantial increase in the regions
of North India, Northwest India, Central India, and Andhra
Pradesh. Conversely, North India and West Bengal, from the
east coast of the country, exhibited a substantial diminish-
ing trend between 1961 and 2010 (Pai et al., 2013). Previous
studies over the country had identified the hot regions (such
as Central India and South India). See Fig. 1 to see the loca-
tions of some of these regions as major hotspots of CDHW
events (Sharma and Majumdar, 2017).

Figure 1. Location of states chosen as hotspots and the climatic
zones over India: (1) Rajasthan in Hot Desert (BWh)/Arid, (2) Hi-
machal Pradesh in Humid Subtropical and Cold Desert (BWk),
(3) West Bengal in Tropical Wet and Dry/Tropical Savannah (Aw)
and Humid Subtropical (CWa), (4) Assam in Humid Subtropi-
cal/Temperate (Cwa), (4) Andhra Pradesh in Semi-arid (BSh) and
Tropical Wet and Dry (Aw), (5) Kerala in Tropical Monsoon/Trop-
ical Wet (Am)).

We used the daily gridded precipitation (0.25°× 0.25°)
derived from 6995 rain gauges (Pai et al., 2014) and maxi-
mum daily temperature (1°× 1°) derived from 395 stations
(Vinnarasi et al., 2017; Srivastava et al., 2009) which was
then resampled to 0.25°× 0.25° using bilinear interpolation
to match the precipitation grid resolution, ensuring spatial
consistency for grid-wise CDHW analysis, for a period from
January 1951 to December 2016, covering mainland India.

Further, state-level annual crop-yield data (rice and wheat)
were obtained from the Directorate of Economics and Statis-
tics, Ministry of Agriculture and Farmers Welfare, Gov-
ernment of India (Government of India et al., 2024). For
national-scale context, India-wide annual rice and wheat
yield data for 1961–2016 were retrieved from the FAOSTAT
database of the Food and Agriculture Organization of the
United Nations (FAO, 2024). Both data sets provide yield in
kilograms per hectare and were harmonised to common units
and for recent decades (1981–2016) for the present analysis.

3 Methodology

3.1 Extraction of individual extremes (droughts and
heatwaves)

In this study, the Standardized Net-Precipitation Distribution
Index (SNEPI) (Singh et al., 2021) at 1-month time-scale is
used, which incorporates the intra-month precipitation spell
variability, to enhance the characterization of meteorologi-
cal droughts and their interaction with heatwave events. At
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each grid cell, drought conditions were defined following the
threshold-based approach: SNEPI<−1, representing mod-
erate to extreme drought anomalies relative to the climato-
logical baseline. The binary drought occurrence at grid (x,
y) and month t is obtained by:

Bx,y,t =

{
1, if SNEPIx,y,t <−1,
0, otherwise. (1)

For each decadal window k between 1951–2016, drought
intensity (DI) is quantified as the average magnitude of
SNEPI deficits during drought months. The decadal mean in-
tensity is computed as:

DIx,y,k =
1
Nd,k

∑
SNEPIt∈kx,y,t<−1

SNEPIx,y,t , (2)

where Nd,k is the number of drought months for each grid
during decade k. This measure reflects the average severity
of negative moisture anomalies, with higher negative values
indicating stronger drought intensities.

Temporal persistence of droughts is determined by con-
tinuous drought sequences within B. Each drought spell m
is defined as a contiguous run of months with SNEPI<−1,
and the duration DD of the mth drought event is computed
as:

DDx,y(m)=
∑te

t=ts
Bx,y,t , (3)

where ts and te denote the start and end months of the
mth drought event. For each decadal window, the mean
drought duration is then calculated as:

DDx,y,k =
1
Mk

∑Mk

m=1
DDx,y(m), (4)

where Mk is the total number of discrete drought spells de-
tected during decade k. This parameter captures the persis-
tence of moisture deficit episodes.

Drought frequency is further defined as the total number
of independent drought spells per unit time at each grid cell.
The normalized drought frequency, expressed as the number
of spells per year, is estimated as:

DFx,y,k =
Mk

Ny,k
, (5)

whereNy,k represents the total number of years in the respec-
tive analysis window. DFx,y,k thus denotes the mean annual
drought occurrence rate for each location and decade.

Heatwaves are defined based on India Meteorological De-
partment (IMD) criteria and widely cited Indian heatwave
studies (Mishra et al., 2020; Rohini et al., 2016; Pai et al.,
2013). According to IMD, a heatwave occurs when the daily
maximum temperature is at least 40 °C in the plains, or when
the daily maximum temperature exceeds local climatologi-
cal normal by ≥ 4.5 °C, for 4 or more consecutive days. To

capture the range of severities reported in the literature, we
further stratified the events by fixed thresholds of 40, 42, and
45 °C, enabling assessment of moderate, severe, and extreme
heatwaves, in the later stages. This adaptation preserves di-
rect compatibility with established national standards while
allowing a sensitivity analysis of heatwave intensity and du-
ration across India’s diverse climate zones. The binary heat-
wave occurrence at grid (x,y) and day t is obtained by:

Hx,y,t =

{
1, if Tmax(t)≥ 40,
0, otherwise. (6)

A valid heatwave event is a sequence of consecutive days
whereHx,y,t = 1 persists for at least k= 4 d. A j th heatwave
event (Hj ) is identified if:

Dj =
(∑

tεHj
Hx,y,t

)
≥ 4. (7)

The duration is the persistence (in days) of a valid
j th event.

Dj =
∑

tεHj
Hx,y,t , where Dj ≥ 4 (8)

For each decade k, let Sk be the set of all valid heatwave
events j that occurred within that decade, then, the heatwave
frequency (Fk) is the total count of valid heatwave events in
decade k.

Then the decadal mean duration (Dk) is the average dura-
tion of all events in decade k:

Dk =
1
Fk

∑
jεSk

Dj . (9)

Heatwave intensity is defined as the peak magnitude (max-
imum temperature) recorded during a valid j th event. And
the average peak intensity of all events in decade k:

Ik =
1
Fk

∑
jεSk

(max
tεHj

(Tmax(t))). (10)

The spatiotemporal trends of drought and heatwave char-
acteristics are further analysed using a frequently adopted
noise-assisted data-analysis method known as Ensemble Em-
pirical Mode Decomposition (EEMD) that is less sensi-
tive to boundary conditions (Wang et al., 2014; Wu and
Huang, 2010). Unlike standard linear trend analyses, EEMD
separates deterministic signals from stochastic noise. Cru-
cially, to ensure statistical robustness, a Monte Carlo Sim-
ulation approach (Wu et al., 2011) is integrated into the
EEMD framework. For every variable, 10 000 samples of red
noise are generated to establish a 10 % significance thresh-
old (p< 0.1), ensuring that the trends represent significant
physical regime shifts rather than random variability. Further
mathematical details of the EEMD method and the signifi-
cance testing framework are given in Sect. S2 in the Supple-
ment.

Nat. Hazards Earth Syst. Sci., 26, 791–810, 2026 https://doi.org/10.5194/nhess-26-791-2026



D. Bhattacharjee and C. T. Dhanya: Compound Drought and Heatwave risk over India 795

3.2 Detection of CDHW events

The CDHW events are identified using a joint-occur occur-
rence sampling approach at the native grid scale. Drought
conditions are defined using the 1-month SNEPI (SNEPI-
1), which integrates the intra-monthly distribution of daily
net-precipitation spells. A drought month is identified when
SNEPI-1 falls below−1 at a grid cell. Coincidentally, a heat-
wave event is defined at the same grid cell if the daily max-
imum temperature exceeds 40 °C for more than or equal to
four consecutive days. So, for each grid cell g and calendar
month m in year y,

Dg,y,m =

{
1 if drought present
0 otherwise ,

Hg,y,m =

{
1 if 1 heatwave event present
0 otherwise . (11)

A CDHW month occurs when Dg,y,m = 1 and Hg,y,m = 1.
The CDHW frequency for cell g over a given period (an-

nual or decadal) is

F =
1
N

∑
y,m
Dg,y,mHg,y,m, (12)

whereN is the number of months in the aggregation window.
This methodology involves observing compound extremes

as events occurring at the same grid point, while nevertheless
maintaining interdependence between the individual extreme
events. In addition, the study includes sampling in various
hotspots to analyze the distinct effects of compound events
on different hydrological regions across India.

To aid interpretation of regional patterns of individual ex-
tremes, k-means clustering of the spatiotemporal footprints
of droughts and heatwaves is performed additionally. Opti-
mal cluster numbers were chosen using the silhouette crite-
rion. This exploratory analysis is described in detail in the
Supplement (Sect. S3.1; Figs. S2 and S3). The intersection
of the clusters of drought and heatwave leading to compound
clusters may not necessarily indicate simultaneous occur-
rence of both extremes to define CDHW events, but pro-
vide context for understanding the spatial organization of ex-
tremes or event footprint, i.e., the presence of both extremes
at a particular grid for a minimum of 1 month.

4 Results and Discussion

4.1 Exploring the regional dynamics of individual
drought and heatwave occurrences

We quantified the evolution of droughts (using SNEPI at
1-month time scale) and heatwaves (daily gridded maxi-
mum temperature exceeding 40 °C continuously for more
than 4 d) over 6 epochs spanning from 1951 to 2016. By fil-
tering stochastic variability through Monte Carlo-validated
EEMD analysis (p< 0.1), robust regime shifts are identified.

Drought severity declined over western and northern India,
while moderate and severe droughts escalated in the east and
south regions (Fig. 2i-a). For brevity, only the first (1951–
1960) and last (2000–2016) periods are shown in Fig. 1.
The details of the temporal evolution over the decades are
demonstrated in Fig. S1. Noteworthy is the nuanced pattern
observed in extreme drought occurrences, which displayed
a declining trajectory in the far eastern reaches but regis-
tered an upward trend in southern and eastern-central In-
dia. Notably, SNEPI revealed more pronounced and persis-
tent droughts in tropical monsoon or wet areas compared to
the known arid regions as reported by the conventional in-
dices in the past literature (Singh et al., 2021). This highlights
the importance of rainfall spell variability in monitoring the
droughts and its role in escalating aridity or humidity in wet
or dry locations.

Drought duration exhibited a similar narrative, with de-
clining occurrences over western India, while central, east-
ern, and extreme north experienced increasing trends in
prolonged droughts (Fig. 2i-b). Notably, the most persis-
tent drought durations, previously concentrated in northwest-
ern and western India, have expanded and intensified east-
wards, now encompassing central and eastern India and even
some parts of the southwest coast. The spatial distribution of
drought frequency has also shifted significantly from 1951–
1960 to 2001–2016, with a notable intensification (Fig. 2i-
c). Initially, droughts were concentrated in the west, north-
west, and southeastern coasts, but by 2001–2016, their fre-
quency exceeded and shifted to the southwestern coast, the
entire eastern and northeastern India, extreme northern re-
gions, Indo–Gangetic plains, and the far south. This suggests
that areas previously less affected by frequent droughts have
now become highly vulnerable, highlighting an intensifica-
tion of arid conditions across multiple climatic zones.

The examination of heatwave attributes in India indicates
a notable intensity and geographical extension over time.
From 1951 to 1960, heatwave intensities (Fig. 2ii-a) exceed-
ing 40 °C threshold were predominantly restricted to west-
ern India, segments of the Indo–Gangetic plains, eastern In-
dia, and the central Deccan plateau, while southern, cen-
tral, and northeastern India encountered negligible occur-
rences. Between 2011 and 2016, these severe temperatures
progressively proliferated in western and central India, while
the eastern and southeastern coasts, along with much of the
nation, recorded maximum temperatures rising between 30
and 40 °C, remaining just below the sever heatwave crite-
ria. Heatwave durations (Fig. 2ii-b) also intensified. In the
1950s, valid heatwave events (meeting the minimum 4 d cri-
teria) were rare and typically short-lived across impacted ar-
eas. However, by 2011–2016, these events experienced a sig-
nificant escalation, extending to as much as 10 consecutive
days in extreme northeastern India and the southern coast
(Kerala). Similarly, the frequency of heatwaves (Fig. 2ii-c),
which ranged from 1–2 occurrences per decade in the Indo–
Gangetic plains, western, and northeastern India, with cer-
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Figure 2. Spatiotemporal evolution of (i) drought characteristics (a: intensity, b: duration, c: frequency), (ii) heatwave characteristics (a: in-
tensity, b: duration, c: frequency), and (iii) maximum temperature characteristics (a: intensity, b: duration, c: frequency) over India during
2001–2016, as compared to the first epoch 1951–1960 (consistent with the statistically significant non-linear trends with p< 0.1); (iv) yearly
percentage of affected grids by the individual droughts, heatwaves, and maximum temperature over the entire period of 66 years from 1951
to 2016.

tain regions experiencing up to 4–6 occurrences, surged to
8–10 occurrences across the entire northeast, Deccan plateau,
and southwest coast, with over 10 occurrences in specific lo-
cations. Western India, previously subjected to regular heat-
waves, has witnessed an escalation to 6–8 occurrences per
decade. On average, the frequency of heatwaves across India
has increased by approximately 86 % over the past 6 decades.
Figure S1 illustrates the comprehensive progression of heat-
wave features over each decade. The findings underscore the
escalating severity, duration, and frequency of heatwaves in
India, accentuating the rising climate dangers linked to in-
tense heat.

However, this increase in heatwave occurrences over
southern and eastern India is not consistently reflected in

the maximum temperature characteristics. In recent decades,
the geographical range of maximum temperatures has ex-
tended into central and southern India; nonetheless, the most
extreme maximum temperatures (Fig. 2iii-a) continue to be
concentrated in the northern, northwestern, and central arid
regions from 2011 to 2016. Likewise, the duration of high
maximum temperatures (Fig. 2iii-b) surpassed 20 d predomi-
nantly in northern, northwestern, and central India from 2001
to 2016, signifying enduring heat stress in these areas. Con-
versely, the frequency of exceptional maximum temperature
events (Fig. 2iii-c) seems more dispersed yet continues to
be significant in the northern, northwestern, and southern re-
gions in recent decades. Figure S1a–c depicts the evolution
of maximum temperature characteristics across each decade.
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This indicates that although heatwaves have proliferated na-
tionwide, the prevailing maximum temperature intensities
and durations remain predominant in historically warmer and
drier areas, signifying possible alterations in heatwave dy-
namics beyond mere temperature extremes.

The temporal evolution of the spatial extent of individual
extreme (Fig. 2iv), reveals distinct and non-linear behaviours
across heatwaves, droughts, and maximum temperature ex-
tremes. The percentage of grades affected by heatwaves ex-
hibits an increase from 12.5 % in the 1950s to 21 % by mid-
1970s, which then decreased to ∼ 15 % by 2010, with fur-
ther decline to ∼ 10 % by 2016, indicating localised extreme
heat wave occurrences. In contrast, the spatial footprint of
droughts displays a markedly different evolution. Drought-
affected grades speak early in the record, reaching ∼ 4.4 %
in 1951 and attaining a local maximum around 1964. This
is followed by a sustained decline to 3 % during the mid-
1980s, after which a renewed expansion is evident, culminat-
ing in a maximum of∼ 5 % by 2016, suggesting a resurgence
of widespread drought conditions in the recent decades. The
evolution of maximum temperature shows the strongest and
most persistent spatial expansion of more than 16 % by 2016,
representing more than a twofold increase relative to earlier
peaks. Notably, the divergence between heatwave and max-
imum temperature spatial extents in the recent decades in-
dicates a decoupling between mean-state thermal warming
and heatwave occurrence, suggesting that in increasing back-
ground temperatures do not necessarily translate into a pro-
portional expansion of heatwave-affected areas.

A separate correlation analysis (Supplement, Fig. S1d)
illustrates feeble correlations among these extremes, with
maximum temperature duration and heatwave duration
(0.02), maximum temperature frequency and heatwave fre-
quency (0.04), and near-zero values for drought-heatwave as-
sociations, indicating that their simultaneous occurrence may
not be predominantly influenced by common underlying fac-
tors but rather by autonomous processes that converge un-
der particular circumstances. This demands additional exam-
ination of compound CDHW events, in which simultaneous
droughts and heatwaves may exacerbate socio-environmental
hazards beyond those seen in standalone extremes.

4.2 Grid-scale joint occurrence of droughts and
heatwaves

The joint behaviour of meteorological droughts and heat-
waves reveals distinctly significant spatial and temporal evo-
lution across India during 1951–2016 as shown in Fig. 3.
Crucially, the identification of these evolving patterns re-
lies on the specific sensitivity of the SNEPI framework; a
comparative analysis (detailed in the Supplement, Sect. S3.2,
Fig. S4) demonstrates that while conventional indices like
SPEI accurately captures arid-zone hotspots, they often un-
derestimate compound risks in humid and tropical zones.
SNEPI, by explicitly accounting for intra-monthly precipi-

tation spell persistence, captures prolonged land-atmosphere
coupling events that SPEI misses, particularly during the
monsoon-retreat and cool seasons.

Decadal CDHW maps (Fig. 3i) show that, during the ini-
tial decades, compound extremes were prevalent in north-
west and central India, embracing hot semiarid regions and
segments of humid subtropical zones, with the probability
of occurrence reaching up to 30 %–50 %, underscoring the
strong concurrence of the two individual extremes in these
climatologically vulnerable regions. From the 1980s onward,
a pronounced transition occurred, with the temporary decline
in joint occurrence. However, subsequent decades displayed
a marked eastward and southward expansion. By the 1991–
2016 period, large parts of eastern India and segments of
the southern peninsula recorded joint occurrence of 20 %–
30 %, reflecting both intensified heatwave activity and chang-
ing drought characteristics consistent with observed warm-
ing trends. Temporal evolution analysis of national-scale av-
erages (Fig. 3ii) confirms this shift: the frequency and spa-
tial footprint of CDHW events increased after 1980, in line
with rising drought occurrences. The states of Kerala, As-
sam, West Bengal, and Himachal Pradesh and parts of cen-
tral and northeast India emerged as prominent hotspots of
the compound hazards, highlighting their heightened vul-
nerability during the recent years after a significant decline
till 1980s (Fig. 3iii). These regions, historically regarded as
humid or moisture-secure, now experience concurrent com-
pound extremes, signalling a significant alteration of hydro-
climatic regimes, contrary to earlier studies (e.g., Mukherjee
and Mishra, 2021) which suggested that the brunt of the com-
bined hazards was largely confined to the arid and semi-arid
regions. The SNEPI-based detection confirms that these new
hotspots are driven by precipitation deficits in transitional
seasons, periods where parametric assumptions in traditional
indices often mask deviation severity.

To confirm that these expanding hotspots represent physi-
cally coupled events rather than random coincidence, the ob-
served joint probability of co-occurrence is compared against
the product of their marginal probabilities during the re-
cent decades (1981–2016) (see the Supplement, Sect. S3.2,
Fig. S5). demonstrating a statistically robust positive depen-
dence beyond the simple arithmetic overlap of more frequent
individual hazards.

To further aid interpretation of these large-scale spatial
modes, supplementary analyses were performed on the indi-
vidual extremes. Drought and heatwave footprints were sep-
arately clustered using the k-means algorithm (optimal clus-
ter number= 3 for both hazards, the Supplement, Sect. S3.1,
Fig. S2). The resulting spatiotemporal clusters and their
decade-wise overlaps are provided in Fig. S3i and ii, offer-
ing context for the evolving spatial patterns discussed above.
These clustering results support, but are not essential to, the
primary joint-occurrence findings presented here.
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Figure 3. (i) Spatiotemporal evolution of the relative frequency of compound drought and heatwave (CDHW) occurrences over the 6 decades,
showing a statistically significant shift from the west to eastern India, with the probability of occurrence ranging between 10 % and 50 %.
(ii) A temporal trend in the percentage of grids over India affected by each of the individual droughts and heatwaves and the CDHW
occurrences (trends exceeding the 90 % confidence bounds of stochastic noise). (iii) The evolution in the CDHW occurrences over selected
hotspots showing a decrease in occurrences during the mid-term, whereas increased occurrences over both the initial and the final years under
consideration.

4.3 Evolution of CDHW impact categories across India

To understand the variations in the intensity of the compound
extremes, we classified the individual droughts into moderate
(−1>SNEPI >−1.5), severe (−1.5>SNEPI >−2), and
extreme (SNEPI <−2) droughts based on 1-month SNEPI
values. Similarly, the heatwaves are classified into moder-
ate HW (40 °C<Max. Temp. < 42 °C; Duration > 4 d), se-
vere HW (42 °C<Max. Temp. < 45 °C; Duration > 4 d),
and extreme HW (Max. Temp. > 45 °C; Duration > 4 d).
These nine compound events are further grouped into 5 broad
impact categories (indicated in different colors) as shown
in Table 1, assuming similar impacts within each category.
These five categories are named as: Moderate CDHW (MD-
MHW), Elevated CDHW (MD-SHW, SD-MHW), Severe
CDHW (SD-SHW, MD-EHW, ED-MHW), Intense CDHW
(SD-EHW, ED-SHW), and Extreme CDHW (ED-EHW) cat-
egories.

The evolution of the identified CDHW categories through-
out India indicates a statistically significant (p< 0.1) change
in their spatial distribution and frequency over time (Fig. 4a).
Moderate CDHW episodes, initially localized in the west,
northwest, and certain eastern regions from 1951 to 1960.
However, these have markedly proliferated towards the

northeast, southeast coast, southwest, southern, and central
India between 2001 and 2016. Likewise, Elevated and Se-
vere CDHWs, previously restricted to the north and west,
have intensified across the northeast, southeast, and north-
ern Deccan plateau, accompanied by significant decline in
their prevalence in the north and west. Intense and Extreme
CDHW episodes, previously rare in the mid-20th century,
have progressively surfaced in the east, southeast, northeast,
and Deccan plateau, but Extreme CDHW occurrences remain
relatively few. Figure S6 depicts the entire evolution of each
of the CDHW categories over each decade.

The decadal grid count distribution of CDHW categories
(Fig. 4b) indicates a general increase across all severity levels
until 1980, a decline from 1981 to 1990, and a subsequent re-
vival, culminating in a peak from 2001 to 2016, during which
the largest total number of affected grids was documented.
Overall, the first three categories, Moderate, Elevated, and
Severe, have sprawled over the whole country, with an al-
most fourfold increase in the number of affected grids. Mean-
while, Intense events have risen by 3.5-fold, and Extreme
events have surged dramatically, with almost no spatial cov-
erage during the initial decades to an almost 25-fold increase
during 2001–2016.
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Table 1. Categorization of the different compound events constituted of different types of droughts coincident with different types of heat-
waves.

Moderate Heatwave (MHW) Severe Heatwave (SHW) Extreme Heatwave (EHW)
40 °C×Max. Temp. < 42 °C; 42 °C×Max. Temp. < 45 °C; Max. Temp. > 45 °C;
Duration > 4 d Duration > 4 d Duration > 4 d

Moderate Droughts (MD) MD-MHW MD-SHW MD-EHW
−1>SNEPI >−1.5

Severe Droughts (SD) SD-MHW SD-SHW SD-EHW
−1.5>SNEPI >−2

Extreme Droughts (ED) ED-MHW ED-SHW ED-EHW
SNEPI <−2

Figure 4. (a) Spatial evolution of impact-based CDHW categories between 1951–1960 and 2001–2016 shows a significant intensification
(in terms of frequency (count)) and shift in occurrence patterns. (b) Decadal grid count distribution of the CDHW categories highlighting
an overall increase in the affected grids across all severity levels. (c) Average frequency (mean count) of CDHW categories per grid across
decades, illustrating a multi-fold increase in all categories.
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The average frequency per grid for all CDHW categories
has also significantly increased (Fig. 4c). Moderate CDHWs
grew over fourfold (0.15 to 0.62), Elevated CDHWs rose
from 0.12 to 0.50, Severe CDHWs nearly quintupled (0.09
to 0.43), and Intense CDHWs increased by more than five-
fold (0.02 to 0.11) between 1951–1960 and 2001–2016. Even
infrequent Extreme CDHW episodes have shown a quantifi-
able rise. The significant increase in both the frequency and
spatial extent of CDHWs highlights a growing risk of com-
pounded climate extremes in India. The extensive escalation
of several CDHW categories highlights a significant transfor-
mation in India’s extreme climatic patterns.

4.4 Transition between compound event categories

We further examined the transition dynamics across differ-
ent severity categories. Analyzing these transitions will elu-
cidate if moderate incidents are escalating into more severe
ones, the frequency of regional shifts between categories,
and whether certain locations are becoming progressively
susceptible to extreme CDHW events over time. The tran-
sition matrix (Fig. 5i) is now derived by identifying the dom-
inant event category for each grid during 1951–1980 and
1981–2016 and computing the frequency of transitions be-
tween the categories. The two analysis windows 1951–1980
and 1981–2016 were selected to reflect the clear temporal
break observed in the earlier results. The earlier analyses
showed a modest rise up to the late 1970s, a short plateau or
dip through the 1980s, and a pronounced, sustained increase
thereafter. This inflection around 1980 marks the onset of the
modern warming era for the country, and thereby provides a
natural division for examining how compound-event severity
has evolved.

A substantial fraction of grids originally classified as Mod-
erate (46.4 %) and Elevated (43.3 %) shifted to Severe or
higher categories. The Severe category demonstrated the
greatest persistence (864 grids) and notable escalation, with
36.3 % grids evolving into Intense and 5.2 % advancing to
Extreme events. Only 7.6 % of both Moderate and Elevated
grids retained their original severity, indicating that previ-
ously moderate events are evolving into higher-impact ex-
tremes, hence reducing the prevalence of lower-intensity
events across the study region. Furthermore, while only
23 grids transitioned directly from Moderate to Extreme,
the escalation pathway through Severe (71 grids) and In-
tense (29 grids) suggests a cascading amplification of CDHW
severity. Historically less intense CDHW events are now
manifesting with higher severity.

The spatial manifestation of these transitions (Fig. 5ii) fur-
ther substantiates this escalation, with Moderate events en-
during in portions of the eastern Indo–Gangetic Plains and
the western coast while intensifying to Elevated, Severe,
and Intense categories elsewhere. Likewise, Elevated events
demonstrated a widespread shift to Severe and Intense classi-
fications, especially in central India and the Deccan Plateau,

whereas northeast India underwent direct shifts to Extreme
occurrences. Severe occurrences, despite their persistence,
intensified across western, northwestern, eastern, and coastal
regions, with minor weakening in the Indo–Gangetic Plain
and northern India. Intense occurrences persisted in the east-
ern and coastal regions while intensifying in some regions in
the north. Notably, no grids maintained an Extreme catego-
rization, with changes predominantly to Intense and Severe
in southern and western India, while declines occurred in
some other regions. These shifts further underscore the inten-
sification of CDHW severity, characterized by a reduction in
moderate events and an increasing prevalence of high-impact
occurrences.

Additionally, the spatial and decadal evolution of the dom-
inant CDHW category across India from 1951 to 2016 is pre-
sented in Fig. S7, further highlighting the progressive inten-
sification and regional shifts in every severity over time.

The overall change map (Fig. 5iii), with positive values
indicating an increase in CDHW severity and negative val-
ues denoting a decrease during 1981–2016, aids in the iden-
tification of hotspots of the intensified CDHW events. The
southern, southwestern, and southeastern coasts, spanning
from Andhra Pradesh to Kerala, northeastern states, parts of
Chhattisgarh, Madhya Pradesh, upper Gujarat, and the west-
ern borders of Rajasthan, experienced an increase in CDHW
severity. The spatial patterns correspond with the hotspots
identified for individual droughts and heatwaves (Fig. 2i
and ii), and a decadal analysis further substantiates the
strengthening of the CDHW categories over those hotspots
(Fig. 5iv). Andhra Pradesh transitioned from Elevated to In-
tense post-2000, and Assam along with the broader North-
east, evolved from Severe to Intense occurrences. Although
Himachal Pradesh showed a fluctuation between Elevated
and Severe occurrences, Kerala experienced an escalation in
severity after 1990, whilst Rajasthan and West Bengal exhib-
ited a decline in severity.

4.5 Inter-Seasonal CDHW dependencies

Additionally, we analyzed the inter-seasonal dependency be-
tween droughts and heatwaves to understand their role in
modulating CDHW occurrences. For this, first the individual
drought and heatwave data aggregated for each season are
extracted, and then the possibility of droughts in one season
being followed by heatwaves in the next season is investi-
gated. Temporal correlations were computed separately for
each year over the 66-year period (1951–2016) to assess the
strength of this seasonal linkage and its variability over time.
This was then followed by examining how these seasonal
drought-heatwave dependencies, computed annually over the
66-year period, influence the interannual variability in the
frequency and intensity of CDHW events.

The correlation analysis of the nine distinct cate-
gories of individual droughts and heatwaves from Table 1
(Fig. 6a) shows that MD-EHW and SD-EHW demonstrate
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Figure 5. (i) Transition matrix of the dominant CDHW impact categories between 1951–1980 and 1981–2016, quantified using the number
of grids transitioning between categories over time to illustrate the shift in climate event severity. (ii) Spatial change maps illustrating the
CDHW severity transitions between 1951–1980 and 1981–2016, showing the persistence and intensification patterns of the different CDHW
categories: (a) Moderate, (b) Elevated, (c) Severe, (d) Intense, (e) Extreme. (iii) Overall change map identifying hotspots of intensified
CDHW events during 1981–2016 as compared to 1951–1980, with positive values indicating an increase in severity and negative values
indicating a decrease, and zero denoting no change. (iv) Decadal evolution of the median CDHW categories over identified hotspots from
1951–2016, highlighting the dynamic nature of the CDHW evolution.

the strongest seasonal dependencies with CDHW intensi-
ties. MD-EHW exhibits the strongest positive link during
the autumn-to-winter transition, suggesting that moderate
drought conditions in autumn may intensify elevated tem-
peratures in winter, resulting in an intensified CDHW oc-

currence. Conversely, SD-EHW exhibits the highest nega-
tive correlation during the spring-to-summer transition, sug-
gesting that intense drought conditions in spring may sup-
press subsequent heatwave development, thereby reducing
the likelihood of extreme CDHW events.
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Figure 6. (a) Correlation between seasonal shift in individual drought and heatwave occurrences and their compound occurrences for all the
9 categories of the CDHW events. (b) Spatial evolution and the change in frequency of the two major compound event categories (MD-EHW
and SD-EHW) exhibiting significant correlation between the compound occurrences and the seasonal shift in the individual droughts and
heatwaves- Regions highlighted in shades of red denote a positive frequency difference, whereas regions in shades of blue show a negative
frequency difference. (c) Boxplots showing the change in frequency of the CDHW events with the increase in the drought intensity, heatwave
intensity (increase in temperature), and the duration of heatwaves (left to right).
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To evaluate the influence of these predominant seasonal
dependencies, we examined the spatial progression and
frequency variations of MD-EHW and SD-EHW events
throughout India during the seasons (Fig. 6b). MD-EHW
shows the most pronounced positive frequency differences
over northern and northwestern India, the Indo–Gangetic
plains, and eastern India, where post-monsoon drought con-
ditions persist into winter, intensifying CDHW occurrences.
A discernible increase is observed during the summer-to-
autumn transition, especially in southwestern India, the east-
ern coastline, and the far northeast, due to lingering heat-
waves. The reduction in CDHW occurrences for SD-EHW is
particularly evident in western, northwestern, and southern
India during spring-summer and autumn-winter, while an in-
crease in frequency is noted in the Indo–Gangetic plains and
southern and eastern India during winter-spring.

Prolonged heatwave durations could further exacerbate
the frequency and severity of compound events, leading to
heightened risks of heat-related impacts (Fig. 6c). Further,
a spatial analysis is illustrated in Fig. S8, highlighting the
influence of drought intensity, heatwave duration, and tem-
perature variations on CDHW occurrence frequencies.

A significant revelation is the emergence of the southwest
coast as a new CDHW hotspot. Historically regarded as a hu-
mid area, it is currently undergoing extended intra-monthly
hot and dry spells, resulting in a rise in compound drought-
heatwave occurrences. This change is especially alarming
due to the region’s significant rainfall fluctuation within a
month. This study, utilizing SNEPI, has demonstrated an es-
calating impact of drought-induced CDHW events in wet
regions, contrasting with prior research that depended on
precipitation-based indices (e.g., SPI, Sharma and Majum-
dar, 2017), which predominantly identified previously arid
areas as hotspots. This indicates that alterations in precipita-
tion patterns, along with post-monsoon warming, have sub-
stantially modified the spatial distribution of CDHW occur-
rences, highlighting an urgent necessity to re-evaluate cli-
mate risks in areas historically not prone to drought.

4.6 Persistence and recurrence of CDHW events

Further, we analyze the persistence and recurrence of CDHW
events by examining their consecutive occurrences across
years, leading to prolonged CDHW occurrences (Fig. 7a
and c-i). Additionally, we assess the role of intervening wet
spells (SNEPI > 1) in mitigating these events. If a wet spell
followed a CDHW event but was immediately succeeded by
another CDHW, it was classified as a failed mitigation. This
analysis (Fig. 7b and c-ii) evaluates whether short-term wet
periods provide effective relief or if drought-heatwave condi-
tions persist despite intermittent wet spells, highlighting the
resilience of CDHW events.

Over the decades, concurrent CDHW events have not only
intensified but also expanded their footprint across India,
with their persistence challenging significant portions of In-

dia. In the early decades, concurrent “Moderate” CDHW oc-
currences were predominantly limited to the northern and
Deccan plateau regions, which have proliferated significantly
over central, western, southern, and northeastern India dur-
ing the recent decades (Fig. 7c-i), with an increase in spread
of 34.7 times. While concurrent “Elevated” CDHW events
rose almost 69-fold towards central and northeastern India
during the recent decades, “Severe” events rose by 23.6 %
spreading towards the north, south, and northeast; “Intense”
events by 25.3 %; and “Extreme” events expanded 6.2 times
(Fig. 7a). However, despite the occurrence of wet spells be-
tween consecutive CDHW events, these brief reprieves often
failed to break the sequence. Failed mitigations became in-
creasingly common within concurrent Moderate (16.6 % in-
creased spread), Severe (10.8 %), and Intense (9.4 %) CDHW
cases, highlighting the persistence of the extreme hot and dry
conditions (Fig. 7b).

It is particularly notable that even the traditionally wet re-
gions, such as the western coast and the northeast, where
tropical climates with frequent wet spells previously acted
as a buffer, are now failing to mitigate concurrent CDHW
occurrences. Spatially, failed mitigations in concurrent El-
evated, Severe and Intense CDHW events are majorly
observed across western, southwestern, southeastern, and
northeastern regions (Fig. 7c-ii), thereby enforcing that in-
termittent wet spells are no longer providing sufficient relief
and are unable to curb the persistence of consecutive CDHW
events, allowing them to intensify and prolong their impact
over time.

4.7 Agricultural yield responses to CDHW hotspots
across India

The historical analysis of CDHW events reveals a clear
but spatially diverse imprint on Indian agriculture during
the recent decades. By explicitly combining heat stress
with precipitation-based drought anomalies, not just mean
deficits but also the erratic distribution of rainfall that gov-
erns soil moisture recharge and plant stress is captured. Na-
tionally (Fig. 8a), CDHW intensity rose steadily at about
0.003 per year, while both rice and wheat yields increased
overall. Yet when years of high CDHW intensity (top 25 %
to focus on extreme CDHW events while retaining sufficient
sample size for statistical comparison) are isolated (Fig. 8b),
rice yields decline by 12.1 % (p= 0.033), showing that this
summer crop, sown and grown during the monsoon, remains
highly vulnerable to the combined signal of drought and con-
current heat extremes. Such variability can shorten the criti-
cal flowering phase and reduce grain filling, even when total
rainfall appears adequate (Sehgal et al., 2018; Chen et al.,
2016; Lobell et al., 2012). In contrast, wheat yields rise
by 13.9 % during those same years, suggesting that winter
wheat might benefit from the warmer and often dryer post-
monsoon conditions that accompany intense CDHW sum-
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Figure 7. (a) Decadal evolution in the number of grids of the Indian Subcontinent that are suffering from Concurrent-CDHW per category.
(b) Decadal evolution of the spatial spread affected by failed mitigation due to a wet spell that occurred between two consecutive CDHW
events but failed to prevent their recurrence. (c-i) Spatial evolution of the Concurrent CDHW categories during 1951–1980 and 1981–2016;
(c-ii) Spatial evolution of the consecutive CDHW categories with failed mitigation during 1951–1980 and 1981–2016, showing a statistically
robust regime shift (p< 0.1).
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Figure 8. (a) National time series of rice (black) and wheat (blue) yield anomalies (left axis) and CDHW intensity (right axis) with linear
trends. (b) Boxplots of India-wide rice and wheat yields (kgha−1, left axis) during high- and low-CDHW years, with mean CDHW intensity
over-plotted (right axis). (c–h) Same as (b) for hotspot states: Andhra Pradesh, Assam, West Bengal, Himachal Pradesh, Rajasthan, and
Kerala, with percent yield change in high- versus low-CDHW years.

mers, especially where irrigation buffers water stress (Mad-
hukar et al., 2022).

State-level patterns (Fig. 8c–h) underscores the hetero-
geneity of these impacts: rice reductions are largest in As-
sam (−11.4 %) and Himachal Pradesh (−13.1 %), where
rain-fed cultivation and limited irrigation heighten sensitivity
to rainfall intermittency, while West Bengal and Rajasthan
show only minor losses (−10.6 % and −2 %, respectively).
Wheat responses are even more varied, with decreases in
Andhra Pradesh (−8.4 %), Assam (−17.9 %), and Himachal
Pradesh (−4.7 %), but clear gains in West Bengal (+17.7 %)
and Rajasthan (+9.5 %), and near-neutral change in Ker-
ala. The observed state-level heterogeneity in yield responses
therefore reflects that CDHWs exert asymmetric and region-
specific influences on crop productivity, governed by climate
regime, irrigation intensity, and crop-specific thermal toler-
ance.

Therefore, explicitly integrating precipitation variability
with heat stress captures the multi-hazard conditions most
damaging to Indian agriculture. By revealing how short, in-
tense swings in rainfall and temperature drive yield losses
even when seasonal totals appear normal, the analysis high-

lights a critical but often overlooked risk pathway for staple
crops of India.

To further conceptualize the intensification of CDHW
events, their linkages with long-term demographic and land
use changes across emerging hotspots are analyzed. The re-
sults, detailed in Sect. S3, Fig. S9, reveal a substantial rise,
up to 10-fold, in the urban population exposed to moder-
ate to intense CDHWs in regions including Kerala, Assam,
Andhra Pradesh, and West Bengal, among others. Against a
backdrop of shifting weather patterns and climate variabil-
ity, these historically climate-resilient states are facing re-
newed scrutiny, as they are becoming progressively suscepti-
ble due to shifting precipitation patterns, urban development,
and limited adaptive capacity. This reinforces the urgency for
re-evaluating adaptation frameworks in both arid and histor-
ically humid regions under intensifying climate extremes.

5 Conclusions

This study delves into the complex dynamics of compound
drought and heatwave (CDHW) events in India, with a focus
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on understanding their spatial distribution, temporal evolu-
tion, and underlying drivers. By leveraging the Standardized
Net-Precipitation and Distribution Index (SNEPI) and filter-
ing stochastic variability via Monte Carlo-validated EEMD
analysis, statistically significant non-linear trends (p< 0.1)
in combined drought severity and heatwave occurrences were
analysed over 6 decades spanning from 1951 to 2016. In-
triguing regional dynamics emerged, with declining trends in
severe CDHW events observed in northern and western India
juxtaposed against a robust escalation in moderate and severe
CDHW events in the east, central, and south. Moreover, the
integration of joint-occurrence sampling and clustering anal-
ysis allowed for a comprehensive assessment of compound
hazard dynamics. Contrary to earlier assumptions, moist
tropical monsoon regions emerged as prominent hotspots
of compound occurrences. This is further reinforced by the
SPEI-SNEPI agreement, which highlights the growing and
significant contribution of intra-month precipitation variabil-
ity and post-monsoon water deficits to CDHW formation in
these wetter zones. Categorization of individual droughts and
heatwaves provided granular insights into the multifaceted
nature of compound hazards, facilitating a nuanced under-
standing of their severity and temporal dynamics. Transition
analysis of these compound event categories across climatic
severity levels revealed significant shifts towards heightened
severity levels in recent decades, particularly from elevated
to severe and intense categories over Andhra Pradesh, Kerala,
Himachal Pradesh, and Assam, whereas there was a decrease
in intensity over West Bengal and Rajasthan. Spatially, re-
gions historically afflicted by moderate and elevated CDHW
events exhibited transitions towards more severe categories
in recent years, while the severe and intense categories re-
mained persistent throughout the period while also escalating
to the extreme category, emphasizing the need for targeted
adaptation strategies. A robust growing interdependence be-
tween post-monsoon droughts and heatwaves has been seen
to intensify severe CDHW occurrences over traditionally less
susceptible, wetter climate zones.

Furthermore, the study delved into the repercussions of
concurrent CDHW events, highlighting their intensified im-
pact in recent years and their resilience to short-term wet pe-
riods. Finally, the evolution of CDHW events over the recent
decades has now exerted a dual pressure on India’s socio-
ecological systems, simultaneously threatening food security
and amplifying human exposure. From shifts in land cover to
changes in urbanization and crop patterns, the study under-
scores the complex interplay between CDHW events, agri-
culture, population dynamics, and LULC changes, providing
critical insights for resilience-building efforts in the face of
evolving climate risks over critically vulnerable hotspots.

Overall, this study establishes that CDHWs in India are
undergoing a statistically significant regime shift, not only in
their geographic distribution but also in their severity path-
ways and societal implications. By documenting these tran-
sitions and revealing the pivotal role of precipitation spell

variability, this work significantly advances the understand-
ing of compound hazards in monsoon-dependent regions. By
elucidating the spatial and temporal patterns of compound
hazards, this research provides valuable insights for policy-
makers, urban planners, and disaster management authori-
ties, emphasizing the need for adaptive strategies to miti-
gate the impacts of compound drought and heatwave events.
Further research endeavours should focus on understanding
their underlying drivers and developing targeted adaptation
strategies to enhance resilience to compound hazards in the
region.
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