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Abstract Sequential climate hazards, such as “warm and wet” compound extremes, have direct societal
implications for highly urbanized regions and agricultural production. While typically extreme temperatures
and rainfall are inversely correlated during the summer, extreme humid heatwaves often lead to atmospheric
instability and moisture convection, increasing the likelihood of extreme precipitation (EP). Little is known
about how heatwave characteristics, such as peak intensity and duration, influence EP at a regional scale. Using
high-resolution, sub-daily station-based observational records over five decades (1971-2021) across India, we
find a robust increase in the frequency of compound humid heat-peak precipitation events in all seasons. Our
sensitivity analysis of the impact of humid heatwave characteristics on the subsequent sub-daily rainfall
extremes reveals that, with an increase in peak heatwave intensity for a given heatwave duration, >50% of sites
show an increase in the magnitude of rainfall; conversely, with an increase in heatwave duration for a given peak
heatwave intensity, around 67% sites show a decline in sub-daily rainfall extremes. An asymmetrical shift
toward above-average precipitation extremes in response to humid heat stress is mainly clustered around low-
elevation, densely populated coastal areas and the irrigation-intensive Indo-Gangetic Plains.

Plain Language Summary Compound humid heatwave-extreme rainfall events substantially impact
society, as the sequential occurrence of such events has immense damage potential due to the limited recovery
time compared to the situation where these events occur in isolation. Detecting spatiotemporal patterns in
compound hot-wet weather extremes is essential for disaster management, projecting future changes, and
devising an early warning system for vulnerable populations. Using gauge-based observations of more than five
decades across India, we find a robust increase in the number of compound humid heatwave-extreme
precipitation events over climatologically homogeneous regions of India across all seasons. We analyze how the
rainfall extremes depend on the characteristics of the preceding heatwave: we find that rainfall extremes
increase with increasing heatwave intensity for more than 50% of sites; in contrast, rainfall extremes decrease
with increasing heatwave duration for around 67% of sites. A shift toward higher rainfall in response to humid
heat characteristics is apparent in densely populated coastal areas and irrigation-dominated regions of the
country.

1. Introduction

Extreme heat events in a warming environment have direct societal impacts affecting large populations within
a short span, triggering health emergencies, loss of labor productivity and often excess mortality
(WMO, 2023). Extreme heatwaves have caused over 25,000 fatalities in the Indian subcontinent between
1992 and 2020 (EM-DAT, 2023; Hindustan Times, 2022). The Indian subcontinent is emerging as a “hotspot”
of extreme heatwave owing to global warming (Lenton et al., 2023; Tuholske et al., 2021). During 2022,
record-breaking high temperatures and below-average rainfall from mid-March to April over northwestern
parts of the country have adversely affected ‘“Rabi” wheat crops before their harvest (FAO, 2022). This
unprecedented increase in temperature in mid-March 2022 resulted in a 10%—15% decline in wheat production
across major wheat growing areas, especially for late-planted wheat (Beillard & Singh, 2022). Further, several
Indian regions have witnessed two contrasting yet consecutive extreme weather events, humid heatwave
followed by extreme precipitation (EP), impacting human health (Bansal et al., 2023), forest and agriculture
(You et al., 2023), infrastructure (Kotz et al., 2022; Prein et al., 2017) and energy demand (Stone et al., 2021).
For instance, severe heatwaves in late May 1998 over the Indian subcontinent resulted in more than 2,500
fatalities, equivalent to a departure from the mean annual mortality of more than 3 times the standard
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deviation (Figure 1). Within 2 weeks, these heatwaves were followed by tropical cyclone-induced unprece-
dented storms, impacting 4.6 Million people with estimated damage of over 0.8 billion USD (EM-
DAT, 2023).

Studies showed an upward trend in heatwaves and an increase in spatial extents of hot-dry compound events in
India (Guntu et al., 2023; Rajeev et al., 2022; S. Sharma & Mujumdar, 2017) and globally (Yin etal., 2022). Most of
these assessments centered around hot-dry compound events with specific emphasis on “dry-bulb” temperature, or
air temperature. However, high humidity precludes heat evacuation by evaporation, leading to humidity playing a
critical role in escalating heat stress (Davis et al., 2016). In addition, higher surface temperatures and increasing
downwelling infrared radiation due to anthropogenic climate change enhances surface evaporation, which in-
creases the atmospheric moisture content and leads to extreme rainfall (Roderick et al., 2019; Trenberth, 1999).
There is growing evidence of heavy rainfall following humid heatwaves both locally (Feng et al., 2022; Rajeev &
Mishra, 2022; S. S.-Y. Wang et al., 2019) and worldwide (Sauter et al., 2023; Yin et al., 2022).

Figure 2 presents possible physical mechanisms driving Compound Moist Heatwave-Extreme Precipitation
(CMHP) events over the Indian landmass. The elevated air temperature during heatwave episodes increases the
moisture-holding capacity of the atmosphere, dictated by the Clausius-Clapeyron relation (Domeisen
etal., 2022). Heatwaves associated with high humidity and temperatures can increase the precipitable water in the
lower troposphere, which serves as a source of moisture. The risk of EP and flooding is enhanced by the joint
evolution of high temperatures and humidity, which causes atmospheric instability and high levels of moisture
convection (C. Li et al., 2023; W. Zhang & Villarini, 2020). Using reanalysis records, Y. Zhang and Boos (2021)
demonstrated that extreme wet-bulb temperature, 7,,, a multivariate metric considering temperature and humidity,
is associated with an anomalously warm lower troposphere and high convective inhibition (CIN), which sup-
presses precipitation on the day before the annual maximum wet-bulb temperature for latitudes between S0°N and
50°S. In contrast, following the day of annual maximum 7,,, cooling of the lower troposphere reduces CIN and
enhances precipitation by around 70% compared to at-site summer rainfall (See Figure 2; Y. Zhang &
Boos, 2021). However, this finding has to be treated with caution, as humid heatwaves often have a limited spatial
extent and short duration, and are thus significantly underrepresented in reanalysis-based data sets over the
monsoon-dominated regions of the tropics (Raymond et al., 2020). Further, their study suggested that the humid
heat extremes are most frequent around the date of the regional southwest monsoon-induced rainfall onset. Using
gridded observational records, Robinson et al. (2021; see their Figure 2) have found that the tropics, for example,
peninsular India, showed the most pronounced upward trends in heat and wet extremes. However, this study
evaluated the decadal changes in heat and rainfall extremes separately, without accounting for the joint evolution
of both hazards. At a local scale, recent studies have shown that urbanization intensifies not only humid heatwaves
owing to the “Urban Heat Island” effect (UHI; Figure 2; Ortiz et al., 2018; J. Yang et al., 2023; K. Zhang
et al., 2023), but also affects local weather patterns, such as enhancement of mean rainfall and short-duration
extreme rainfall by increasing vertical uplift and moisture convergence (Ali et al., 2021; Fischer &
Knutti, 2016; Y. Li et al., 2020; Liu & Niyogi, 2019; Vo et al., 2023). This amplifies the likelihood of “pre-
conditioned” compound extremes, that is, the sequential occurrence of humid heatwaves and extreme rainfall (C.
Li et al., 2023; W. Zhang & Villarini, 2020; Zscheischler et al., 2020).

Heatwaves in India result mainly from the advection of heat from neighboring regions, and from smaller con-
tributions of local heat fluxes (Nageswararao et al., 2020; Singh & Kumar, 2018). In India, three types of
heatwaves were identified (Ratnam et al., 2016; Wehner et al., 2016; Guo et al., 2022; Figure 2): (a) Unusual
atmospheric “blocking” over the North Atlantic Ocean frequently coincides with the heatwaves that affect
northern and central India. A cyclonic anomaly develops at upper levels west of Northern Africa due to blocking
over the North Atlantic Ocean. The warming sea surface temperature (SST) of the North Atlantic Ocean can
trigger quasistationary Rossby waves over Eurasia (X. Yang et al., 2021). A larger number of hot days in
northwestern and north-central India result from these quasistationary Rossby wave trains and an “upper-level
cyclonic anomaly” over western North Africa (Qin et al., 2023; Ratnam et al., 2016; Satyanarayana & Rao, 2020).
The northwestern region experiences elevated humid heatwaves during July-August, associated with anomalous
positive specific humidity and negative outgoing long radiation anomalies (Ivanovich et al., 2022). In contrast, (b)
heatwaves over the eastern coastal region, that is, the part of central northeast and peninsular India (Figure S1 in
Supporting Information S1), are associated with westerly wind anomalies, which lessen the land-sea wind along
the coastal region (Wehner et al., 2016). Due to low soil moisture and clear skies, this region experiences
heatwaves from March through May because of the prolonged advection of strong “hot and dry” wind (referred to
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® ® Mortality rate (Nageswararao et al., 2020). However, humid heatwaves in this region
——LOWESS Smoothed . . . .
3t . develop during the monsoon break period, that is, dry short-duration spells
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Figure 1. Observed annual mortality rate related to heat stress in India for
1992-2019 based on GSDMA (2023). The standardized mortality is shows
the magnitude of anomaly from the long-term annual mean and determined
for each year as the deviation from the mean annual series (M — M, where
M is the annual average mortality) to the standard deviation of the annual
mortality time series. The solid line in blue shows the standardized anomaly
series smoothed using the LOWESS fits. Years with positive anomalies greater
than one standard deviation are shown using red filled circles.

during June-September. The circulation anomalies associated with the short-
term climate modes Madden-Julian Oscillation and Boreal summer intra-
seasonal oscillation may be responsible for the “break spell” followed by
elevated humid heatwave intensities during May through June over south-
eastern India (Ivanovich et al., 2022). (c) Over the Indo-Gangetic Plains
(IGP), the region that spans vast stretches from Jammu and Kashmir in the
western Himalayan range to the lower Ganges Delta including the north-
eastern Indian State of Assam, humid heatwave tends to be more severe in the
pre-monsoon (April-May) and post-monsoon (October-November) seasons
than in the monsoon (June-September) season owing to the massive extents of
irrigated areas (Guo et al., 2022).

Atmospheric circulation patterns and anomalies in soil moisture are crucial
factors in developing heat extremes (Wehrli et al., 2022). In the tropics,
especially in regions with a dominant monsoon season, the effects of soil
moisture are particularly important. Large-scale daytime advection dries up
already-desiccated soil, creating a positive feedback loop between heatwave
and soil drying (Figure 2; Miralles et al., 2019; Perkins, 2015). Increased
boundary layer growth due to reduced soil moisture leads to “heat entrain-
ment,” enabling heat build-up in the vertical profile of the atmosphere
(Perkins, 2015).

While observational and modeling evidence suggests an increase in surface specific humidity in response to

global warming, the nonlinear relation between sub-daily precipitation extremes and moist heatwave charac-
teristics, such as duration and peak intensity, remains poorly understood (Domeisen et al., 2022; Willett
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et al., 2007). Ye et al. (2016) demonstrated that rising air temperatures in northern Eurasia coincided with
increased precipitation intensity but decreased frequency. In a companion paper, Ye & Fetzer (2019) evaluated
the changing patterns of summer dry spell lengths across 517 Russian stations over 45 years (1966-2010). They
detected that a hot summer favors more frequent and longer-lasting dry spells, triggering heatwaves and droughts
when the air temperature is high. These studies were purely based on mean daily dry-bulb temperature and did not
consider heatwave peaks. Second, they have neither considered the concurrence of humid heatwaves and pre-
cipitation extremes nor the lag time between these two variables, a determinant of compound hazard. However,
analyzing the sequential occurrence of humid heatwaves and rainfall extremes is crucial because their joint impact
may be particularly severe as the affected region may not have been recovered from the first event when the
second event hits.

Although some studies have investigated CMHP events using bivariate probabilistic models, none has offered an
approach to quantify EP probability conditioned on preceding heatwaves characteristics. However, this infor-
mation is crucial for assessing the joint impact of CMHP hazards and to inform stakeholders, such as the insurance
sector (Hino & Burke, 2021; Kruczkiewicz et al., 2021). Further, most concurrent hazard assessment research
concentrated on mid-latitude to sub-tropical locations (Bui et al., 2019; Fowler et al., 2021; C. Li et al., 2023; Ning
etal., 2022; You & Wang, 2021; W. Zhang & Villarini, 2020). In contrast, very few have investigated the tropical
region or developing nations with the least capacity to adapt to back-to-back compound climatic hazards resulting
from heat stress and extreme rain events (Im et al., 2017). Leveraging ground-truth observations of around five
decades, we introduce a novel probabilistic approach that quantifies, for the first time, expected precipitation
exceedances conditioned on the key characteristics of the preceding heatwaves, using a copula-based conditional
joint probability method (Nelsen, 2013).

2. Material and Methods
2.1. Hydrometric Observations

We retrieved at-site hydrometric observations from 30 urban and peri-urban locations across India from the IMD's
Data Supply Portal, (https://dsp.imdpune.gov.in/data_supply_service.php#procedure) at a sub-daily timescale of
3-hourly intervals for 1970-2021 sampled between 8:30 a.m. and 5:30 p.m. Indian standard time (3:00 to 12:00 hr
UTC). These sites were selected based on data completeness and availability of meteorological records. We
eliminated three stations which failed to pass the detailed quality-control procedures of Raymond et al. (2020).
The selected 27 stations are distributed over six homogeneous monsoon sub-regions of India (Maharana &
Dimri, 2014; Table S2 and Figure S1 in Supporting Information S1).

To assess the physical drivers of CMHP events, we analyze the roles of atmospheric moisture transport during the
40-year climatology from 1979 to 2018. First, we determine the vertically integrated moisture transport (VIMT;
LélI¢ et al., 2015) from the composite of zonal and meridional components of moisture flux obtained from ERA-
Interim, the third generation reanalysis product of the European Centre for Medium-Range Weather Forecasts
(ECMWEF) at a 0.75° grid resolution (van Zomeren & van Delden, 2007). Next, we determine changes in the
VIMT composite for the monsoon months and the entire year. We use ERA-Interim instead of the newer rean-
alysis versions, such as ERAS, for the following reasons: (a) ERAS consistently underestimates the southwest
monsoon signal in the late monsoon season to early winter (until December) compared to ERA-Interim (Hassler
& Lauer, 2021). (b) Over the Himalayan regions, ERA-Interim outperforms ERAS (Nogueira, 2020).

2.2. CMHP Event Identification

A humid heatwave event is detected when the daily maximum wet-bulb temperature from 3-hourly observations
exceeds a pre-defined threshold persistently for at least 4 days (Ceccherini et al., 2017). The threshold is set to the
90th percentile of the daily maximum wet-bulb temperature using a 31-day rolling window over a calendar year
(Figure S2 in Supporting Information S1). Therefore, the threshold varies throughout the year, and heatwaves are
detected in all seasons (Ceccherini et al., 2017). While the public is more aware of summer heatwaves, which have
substantial health impacts on human and livestock, winter heatwaves or warm spells impact crops, shorten the
duration and rate of grain filling, accelerate desiccation of plants, and cause early senescence, especially for wheat
(Leach et al., 2021; Lobell et al., 2012; Loughran et al., 2017). Second, several regions in India experience
heatwaves during late winter (February-March) and early spring, increasing the risk of forest fires (Chau-
han, 2023; IMD, 2022; Mohan, 2023). Third, extreme heatwaves have triggered pre-monsoon rainfall during
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March-May and thunderstorms across several parts of India, resulting in crop damage and flash floods
(Bose, 2023).

We characterize heatwave events using peak intensity (i.e., amplitude), duration and the mean timing of the peak
intensity of a humid heatwave event (Domeisen et al., 2022). The peak intensity refers to the warmest day of the
heatwave episode, duration indicates its total spell length from the date of initiation to its termination (See Figure
S2 in Supporting Information S1). While heatwave peak intensity is a crucial metric for assessing labor pro-
ductivity, human health, and infrastructure resilience (Keellings & Moradkhani, 2020), the spell length is crucial
for assessing its impact on sequential weather and climate hazards, such as dry/wet spells (Mukherjee et al., 2023;
You & Wang, 2021).

The rainfall measurement is available at a 3-hourly interval. EP is the sub-daily maximum rainfall above the pre-
defined rain threshold, where the rain threshold is fixed as the 50th percentile of the sub-daily rainfall throughout
the analysis period. CMHPs are defined for two cases. First (Case I), they are detected when the peak intensity of a
humid heatwave event 7, that persists for >3 consecutive days, precedes the EP in a time window of r ¢ [—1, 7].
A time window of 1 week captures lag times commonly used in the literature (Ilampooranan et al., 2019; Kemter
et al., 2020). A lagged response between heatwaves and EP may stem from atmospheric circulation, shifts in the
synoptic environment, and land-sea atmospheric feedbacks (Raghavendra et al., 2019; W. Zhang & Villar-
ini, 2020). Further, a slow-moving tropical cyclone, accompanied by a storm, often follows a heatwave due to
changes in atmospheric circulation (Feng et al., 2022; Matthews et al., 2019; Simpkins, 2023; P. Wang
et al., 2023). As a second case (Case II), we consider CMHP events when the annual maximum wet-bulb tem-
perature (Ty.,) precedes the EP during the specified time window. Since annual maxima events are sampled
once per year, duration is not considered in Case II. To ensure two successive CMHP events are independent in
Case I, we maintain a minimum separation period of 3 days between the heatwave intensity peaks (Barton
etal., 2016). The time window of [—1, 7] also allows situations where the extreme rainfall occurs at the same day
of the heatwave peak or one day prior to the peak. This choice is meant to consider those situations where the EP
occurs during the initial development phase of the heatwave. The assessment of negative and positive lag time
proportions (Figure S3 in Supporting Information S1) shows positive lagged responses for >80% of compound
occurrences for both cases, confirming that heatwaves precede EP for most sequential occurrences.

At first, we statistically demonstrate a link between preceding humid heatwaves and the following EP events. For
this, we sample EP events with and without preceding humid heatwaves for different seasons and for the whole
year. Then, we compare the distributions and the tail behavior of EP for the two conditions (with/without pre-
ceding heatwave). We identity locations prone to CMHP events based on the following event-specific attributes:
(a) Strength of dependence of humid heatwave peak intensity (7,,, T, n.x) and EP magnitude using the scale-free
correlation metrics Kendall's 7 (measuring complete dependence) and the upper-tail dependence coefficient Ay
(AghaKouchak et al., 2013; Serinaldi et al., 2015). (b) Response time or lag time between humid heatwave in-
tensity peak (7., T,,max) and the following EP. (c) For Case I, annual frequency (number) of CMHP events for each
site. The response time (Gori et al., 2020; Lyddon et al., 2023) is a crucial factor contributing to the hazard potential
of compound extremes. A short response time between CMHP drivers indicates that peak humid heatwave
amplitude and peak rainfall occur in swift succession, leaving less time for recovery and leading to more extreme
impacts. In contrast, a longer response time indicates a lower likelihood of the co-occurrence of two peaks.

The seasonal frequency (i.e., counts) of CMHP occurrences for each year is then determined to comprehend the
seasonal variations of CMHP events and their temporal evolution over the period 1971-2021. For each season
(pre-monsoon: March-May, monsoon: June-September, post-monsoon: October-December, winter: January-
February), we count the number of CMHP occurrences in each year obtained from Case I. Those events are
excluded in the seasonal analyses where the heatwave peak occurs at the end of a season, and the rainfall occurs in
the next season. Then we implement an 8-year moving average to assess the decadal to inter-annual variability in
CMHP extremes. To shed light on the drivers of CMHP events, we compare the spatial patterns of composite
anomalies (monsoon season—all seasons) of daily-averaged VIMT on the day of peak intensity 7, (or annual

maxima 7,,.,,,) versus the precipitation days following the heatwaves. The VIMT anomalies during monsoon

wmax
versus all seasons help to understand whether the generated moisture transport results from convection-induced
moisture instability or large-scale monsoon-induced moisture transport, because wind convergence and water
vapor advection play a crucial role in moisture convergence (extreme rainfall) or divergence (dry spells) during

the monsoon season (Held & Soden, 2006; Rajeevan et al., 2008).
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2.3. Trivariate Copula-Based Conditional Joint Probability Framework

We use a trivariate copula function (Nelsen, 2013) to determine joint probability distributions of EP and heatwave
characteristics, that is, peak intensity and duration. Copula functions join d-dimensional independent marginal
distributions based on their dependence structures. The nature of dependency of pair-wise CMHP drivers is
assessed using complete and upper tail (low-probability/high-impact events) dependency estimators (Capéraa-
Fougeres-Genest; Frahm et al., 2005). We apply Kendall's 7 to quantify the complete strength of dependence, that
is, degree dependence considering pair-wise values of two variables, and the (upper) tail dependence coefficients
Ay (Serinaldi et al., 2015; Text S1.1 in Supporting Information S1) to quantify the joint occurrence of the two
extreme events. While Kendall's 7 encapsulates the likelihood that one variable exceeds its median given that the
other variable exceeds its median, the upper tail dependence coefficient describes the correlation between the
upper parts of two or multiple random variables. For a bivariate distribution, the upper-tail dependence indicates
the probability that one variable exceeds a high threshold value (in the rank-transformed data) given that the other
variable has already exceeded the same threshold (AghaKouchak et al., 2013).

The conditional probability of EPs exceeding a certain threshold (R > r) conditioned on the 7-year event peak
heatwave intensity (/ = i) and n-day event duration (D = d) is expressed as (L. Zhang & Singh, 2019)

farn =TEED. T Fo(d). Fe() 1) fo(d) (1)
)

cg1.p(*) in Equation 1 indicates copula-based joint probability density function of CDF, Cg ; p[F(0),F p(d),Fr(1)].
f(?) and f,(d) are the PDFs of the marginal distributions of peak heatwave intensity and corresponding heatwave
event duration. Finally, the conditional exceedance probability of EP events (i.e., FR‘ pR>r|[l =i,D =d) can
be obtained using the concept of cumulative exceedance probability (or complementary CDF, CCDF), fg; p for
R > r, which is expressed as (Refer page 118 in L. Zhang & Singh, 2019)

o0 R
Frip(R>r|I1<i,D<d) f frup@li,d)ydu=1- / friro(uli,d)du
r 0

1-— FR|1,D(R§}’|I = l,D = d) (2)

_ Crup [F1().Fp(d).Fg(r)]
Cip [Fi().Fp(d)]

where C; p[F(i),Fp(d)] is the copula-based bivariate joint CDF of peak heatwave intensity and duration. F(i),
F(d) and Fg(r) are the marginal CDFs of peak intensity, heatwave duration and sub-daily EP magnitude. We use
the metaelliptical Student's 7 copula to model the trivariate joint distribution, which enables fitting the upper tail
dependency satisfactorily. Following Genest et al. (1995), we determine the parameters of the selected copula
using the maximum pseudo-likelihood method. The best-fitted copula models are assessed based on the standard
goodness-of-fit procedure, that is, the bootstrap-based Cramer von Mises distance statistic, which is the sum-
mation of the squared distance of empirical versus fitted continuous distribution functions (Genest et al., 2009;
Text S1.2 and Table S3 in Supporting Information S1). The graphical comparison between empirical and Stu-
dent's ¢ copula family (Figure S4 in Supporting Information S1) indicates that Student's ¢ copulas perform well in
modeling the joint probability and the upper tail dependencies between driver pairs.

Ties, that is, repeated values, can influence the fitting performance of probability distributions. Duration and EP
series often contain repeated values. Therefore, we use a physically informed approach (Moccia et al., 2021;
Salvadori et al., 2014) to handle ties by adding random noise with a range of 0.001 to 0.0001 to each data point in
the series. This results in a “statistically equivalent value” so that each sample has a distinct rank without changing
the distributional properties of the observed series. Further, we evaluate trends in each CMHP driver employing
the Mann-Kendall test for monotonic trends with a correction for repeated observations and autocorrelation at a
5% significance level (M. J. Reddy & Ganguli, 2013; Tables S4 and S5 in Supporting Information S1). Next, we
evaluate the trend slope using the Theil-Sen regression (Sen, 1968), in which the slope is computed as the median
slope of all possible data points pairs. For series with a significant trend in peak heatwave intensity and sub-daily
EP, we model the marginal distributions using the nonstationary generalized extreme value (GEV) distribution
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(see Text S1.3 in Supporting Information S1; De Leo et al., 2021). Since heatwave duration does not show
significant trends, following an earlier assessment (Mazdiyasni et al., 2019), marginal distributions of heatwave
duration are modeled considering several options: Log-logistic, Gamma, GEV with stationary assumption, Log-
normal, and Generalized Pareto distributions. We select the distribution from the fitted probability models with
the minimum value of the Akaike Information Criterion corrected for small sample size (Burnham & Ander-
son, 2003). We assess the goodness-of-fit of the selected distribution following the Kolmogorov-Smirnov (KS)
test at the 5% significance level (Tables S6-S8 and Figures S5-S7 in Supporting Information S1).

To evaluate the sensitivity of EPs to humid heatwave characteristics, using the trivariate copula function, we
analyze the relative changes in exceedance probability of above-average EPs in two different scenarios: (a) for the
10-year humid heatwave peak intensity 7,, and varying heatwave durations, d = 6, 7, 8, 9, and 10 days relative to
5-day events, (b) for the 5-day heatwave duration d and varying return periods (2, 5, 15, 20, 25, and 50-year) of
heatwave peak intensities T, relative to the 10-year event. The 10-year peak intensity 7,, indicates a very extreme
temperature that has an exceedance probability of 0.1 (Seneviratne et al., 2021), and 5- to 10-day heatwaves pose
a substantial challenge for society.

3. Results
3.1. Observational Link Between Preceding Heatwaves and the Following Extreme Precipitation Events

To understand whether there is a link between heatwaves and subsequent extreme rainfall, we sampled sub-daily
maximum rainfall magnitude, which is above 50th percentile rainfall throughout the analysis period, with and
without preceding humid heatwaves for different seasons and for the whole year. We find that the distributions of
sub-daily rainfall with and without preceding heat stress are statistically distinct as detected by the two-sample
Kolmogorov-Smirnov (KS) test with a p-value <0.05. The density plots of rainfall magnitude show similar
differences between the two situations (with/without preceding humid heat stress) with the exception of the pre-
monsoon (March-May) season (Figure 3). For all seasons and the entire year, the mean rainfall intensity is higher
for events without preceding heatwave. However, their tails decay faster, while the rain events preceded by humid
heatwave episodes show a heavier tail with multiple peaks for larger magnitudes. A relatively low magnitude of
rainfall in the pre-monsoon season could be a consequence of the limited moisture availability at higher tem-
peratures during the summer months (Fowler et al., 2021). The higher variance and the heavier tail of rainfall
preceded by humid heatwaves in all seasons except for the pre-monsoon season suggests differences between
mean and more extreme sub-daily rainfall in response to preceding heat stress.

Following the literature (Ha et al., 2022), we characterize the heatwave events as dry and humid based on
relative humidity below 33% and above 67%, respectively, to further decipher the influence of heatwave type
on the intensity of extreme rainfall. When EPs are not preceded by heatwaves, they show the highest variability
with a sample variance of >2 mm? and are accompanied by multiple peaks in the density functions (Figure 4).
While in the pre-monsoon season, the density function between the extreme rain following dry and humid
heatwaves is statistically indistinguishable with a p-value of 0.26, the PDF of EPs preceded by humid heatwave
show a slight rightward shift, indicating a slightly increased magnitude of rain (Figure 4a). The median rain
magnitude of EPs following dry and humid heatwaves versus the EPs without preceding heatwaves remains the
same during the pre-monsoon season. This could be because of the high temperature and low relative humidity
during the dry summer compared to the other seasons. During the monsoon season, the variability of EPs
following dry heatwaves is the lowest, whereas the EPs following humid heatwaves show a highly skewed
distribution with a large number of outlying events (Figure 4b). In all seasons, EPs following humid heatwaves
show positively skewed distributions, indicating a shift towards the wetter part of the distribution (Figure 4a—
4e). In contrast, EPs following dry heatwaves show negatively skewed distributions during monsoon and winter
(Figures 4b and 4d), indicating a shift towards the dryer part of the distribution. We find the highest positive
skewness during the monsoon season for EPs following humid heatwaves, which is approximately 10% higher
than EPs without preceding heatwaves (Figure 4b). Considering the whole year, without seasonal partitions, the
median EP values for the events following humid heatwaves show the highest value compared to the EP events
that are preceded by dry and without heatwaves (Figure 4e). Further, except during the pre-monsoon season, EP
events followed by humid versus dry heatwaves are statistically distinct, as confirmed by the two-sample KS
test at a 5% significance level.
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Figure 3. The distribution of sub-daily rainfall extremes, that is, extreme precipitations (EPs) with (in red)/without (in blue) preceding humid heatwaves. (a) Pre-
monsoon (March-May), (b) Monsoon (June-September), (c) Post-monsoon (October-December), and (d) Winter (January-February) seasons, (¢) Annually without
seasonal partitions. The changes in the distribution of EPs with and without preceding heatwave are statistically significant, as confirmed by the two-sample
Kolmogorov-Smirnov (KS) test. (f) Comparison of variance in EPs with versus without preceding heatwave. EPs preceded by heatwaves show larger variance in all
cases as compared to those without preceding heatwaves. The two-sample F-test for the equality of variance shows statistically significant changes with a p-value < 0.05
for the EPs with and without heatwaves for all seasons and the entire year. If two or more sites reported extreme rainfall on the same day, then mean of the maximum
sub-daily rainfall magnitude was considered.

3.2. Trends in Individual Drivers

The humid heatwave peak intensity (7,,) and the annual maxima (7,,,,,) show a few significant but rather weak
increases across the central-northeast, west-central and peninsular zones of India, whereas weak to negative
changes are apparent over the central northeast and peninsular regions (Figures 5a and 5b; Table S4 in Supporting
Information S1). Around 11% of the stations (3 out of 27), namely Nagpur and Hyderabad in the west-central
region and Bhubaneshwar city in the central northeast region, show a statistically significant (at 5% signifi-
cance level) trend in 7,, (Table S4 in Supporting Information S1). The upward trends in 7, in these cities range
from 0.13°C (Hyderabad) to 0.22°C (Bhubaneswar) decade™!. In contrast, Gorakhpur in Central northeast and
Coimbatore in peninsular India show a downward trend in T,,, ranging from —0.13°C to —0.2°C decade™" (Table
S4 in Supporting Information S1). Considering T,,,,.., @ higher number of stations (8 out of 27 or 30%) show
statistically significant increasing trends (Table S5 and Figure 5b). Further, the statistically significant increasing
trend in T,,,,,, ranges from 0.27 (New Delhi) to 0.35°C (Thiruvananthapuram) decade™" (Table S5 in Supporting
Information S1). An increasing trend in T, over Thiruvananthapuram could be contributed to its proximity to
the coast (Figure S8 in Supporting Information S1). Nagpur city in the west-central climatic region and Bhu-
baneshwar city located in the central-northeast region show statistically significant, increasing trends in both
heatwave indicators 7, and T,,,,,, (Tables S4 and S5 in Supporting Information S1). Among the stations with
significant increasing trends in humid heatwaves, except a few cities, such as Thiruvananthapuram and Bhu-
baneswar, all cities belong to “urban agglomeration (UA)” cities (a city with multiple adjoining towns with a
continuous outgrowth with a population of 1 million and above) as per the Census 2011 (ORGCC, 2022). Figure
S8 in Supporting Information S1 portrays urban population versus trends in humid heatwaves as a function of
distance to the sea. While the cities with less than 2 million population spread across the entire range of downward
and upward trends, the UA cities with large population show primarily upward trends. Urbanization and
industrialization potentially develop a “dome-shaped” temperature profile, and in the UAs, each city can develop
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Figure 4. Density comparisons of extreme precipitations (EPs) preceded by dry (with relative humidity, i.e., Rh < 33%) and humid (Rh > 67%) heatwaves versus EP
without preceded by heatwaves. The vertical lines in red, blue, and violet show the median marks of the EP events following the dry and humid heatwaves and the one
without following heatwaves. The inset compares the boxplots of EPs for all three cases portraying their distinct quartiles, such that (i) Dry: EPs preceded by dry
heatwaves (ii) Humid: EPs preceded by humid heatwaves (iii) EP Only: EP without preceded by heatwaves. The horizontal line marked in black within the box shows
the median value. The median value for the EPs preceded by the humid heatwave events often coincide with its third quartile mark, suggesting a highly skewed
distributions. The outlying events are shown in blue using “+” symbols.

a distinct heat dome escalating urban humid heatwaves (Fan et al.,, 2017; J. Yang et al., 2023; K. Zhang
et al., 2023). Considering annual maxima 7T, @ higher number of stations across southern India show sig-
nificant trends as compared to northern India (Figures 5a and 5b). Heatwave duration does not show significant
trends for any stations (Table S4 in Supporting Information S1).

The EPs following the heatwave events (Figures 5c and 5d; Tables S4 and S5 in Supporting Information S1) show
mostly non-significant changes and some spatially confined decreasing trends. For Case I, 37% sites (10 out of 27)
show a statistically significant decrease in EPs following peak intensity 7,,. A decrease is observed over hilly,
central-northeast, northeast, northwest, west-central, and peninsular India. Statistically significant downward
trends in EP following T, are observed over Prayagraj, Bhopal, Mumbai, and Coimbatore, ranging from
—0.17 mm (Prayagraj) to —0.2 mm (Coimbatore) decade™'. Akola City in West Central India shows the highest
increasing trend in EP with a rate of 0.20 mm decade™" (Table S4 in Supporting Information S1), however, the
upward trend remains statistically insignificant. For Case I, a decrease in EPs following the annual maxima 7.,
is observed over 40% of the sites (11 out of 27), mainly clustered around northwest, west-central, and peninsular
India, ranging from —0.30 mm (Nagpur) to —0.59 mm (Bengaluru) decade™'(Table S5 in Supporting Informa-
tion S1). EPs in Bhopal and Mumbai, located in the west-central region, show a decreasing trend in both cases.
Although heatwave intensity has increased significantly across 11%—30% of the locations for 7,, and 7,,,.,, the
changes in subsequent EPs are small, although statistically significant. However, trend analyses show mean
changes and do not necessarily reflect non-linear shifts or changes in rare events.

3.3. Mean Timing of Humid Heatwaves

The mean time of peak 7,, intensity (and annual T,,,,,) is mainly concentrated during the monsoon season, which
contributes the largest share of heatwaves to 30%-59% of sites considering both cases I and II (Figures S9a and
S9b in Supporting Information S1). The mean timing of humid heatwaves across the central northeast, partic-
ularly, the IGP and peninsular regions is concentrated around the pre-monsoon (February-May) season, which
supports previous assessments that the increased T, in the IGP during the pre-monsoon period is attributed to
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Figure 5. Trends in compound drivers: peak heatwave intensity 7, (a), annual maxima wet-bulb temperature 7, .. (b), and the following sub-daily maximum rainfall (c,
d). The top row shows the (a) Humid heatwave peak intensity T, and (b) annual maximum of T, events, while the bottom row shows the following extreme precipitation

(EP) events correspond to (c) T,, and (d)

T, max- A significant increase (decrease) is indicated using an upward (downward) triangle with p < 0.05 based on the

nonparametric Mann-Kendall trend test. An increase in peak heatwave intensity (EP) is marked using red (blue), whereas a decrease in peak intensity (EP) is shown in
blue (brown). The shades of the markers show slope changes estimated using Theil-Sen's slope method, with darker shade infers larger changes, whereas lighter shade
suggests small slope changes. The white shade indicates no notable slope changes.

intense irrigation operation (Guo et al., 2022; Mishra et al., 2020). For the west-central, central-northeast and
coastal northeast regions, the mean timing of 7, (Figure S9a in Supporting Information S1) is clustered around the
monsoon season (June-August), whereas in the hilly northeast region, humid heatwaves tend to occur in the post-
monsoon period (October-December). This delayed occurrence of heatwaves is explained by the later arrival of
the monsoon to the vast stretches of northeast India. The timing of T, shows a strong seasonality (Figure S9b
in Supporting Information S1); more than 50% of the sites have the annual maxima humid heat clustered around
the southwest monsoon season with the highest frequency in June. Overall, our findings confirm earlier as-
sessments (Ivanovich et al., 2022; Raymond et al., 2020) that (a) humid heatwaves coincide with the southwest
monsoon season, and (b) the mean timing of T, intensity is the largest around the climatological onset time of the
southwest monsoon rainfall season.

3.4. Identification of CMHP Hotspots

Figure 6 identifies the joint occurrence of CMHP events, analyzing (a) the dependence strength between drivers
using the complete versus the empirical upper tail dependence measures, Kendall's 7 and Ay, (b) the lag-time
between peak T, intensity (or annual maxima T,,,,.) and EP, and (c) the frequency of CMHP events. While
the dependence strength considering all values shows only five stations with significant dependence, that are
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Figure 6. Spatial variations in dependence strengths, lag time and frequency of Compound Moist Heatwave-Extreme Precipitation (CMHP) events. (a) Complete
dependence using Kendall's 7, and (b) tail dependence coefficient A, between heatwave peak intensity, 7,, and the following extreme precipitation (EP) events. (c) Mean
lag-time between heatwave peak and subsequent extreme rainfall peak. (d) Average (50th percentile) frequency of CMHP events per year. (e) Kendall's 7 and (f) 4,

between 7,

wmax

and EP events. (g) Lag time between T,

"»max and subsequent EP events. Double circles indicate significant dependence (i.e., p < 0.05).

scattered in the north of India, the upper tail dependence is much more pronounced with a more distinct spatial
pattern. Over 60% of all locations show a strong positive significant dependence. These stations with significant
dependence are located, with one exception, in the northern part covering the entire IGP plain (Central-northeast),
and the west-central and eastern coastal plains (Figures 6a and 6b). A similar pattern of dependence is apparent for
the annual maxima T,,,,,,, and EP events over the IGP and eastern coastal plains (Figures 6e and 6f).

The scatterplots of lag time versus Ay (Figures S10a and S10b in Supporting Information S1) show a smaller lag
time accompanied by modest to strong correlations for gauges across the northeast regions, such as Guwahati and
Kolkata (Figures 6¢ and 6g). The northeast regions also experience on average 2.5 CMHP events per year,
indicating a stronger potential of compound events. The central northeast region shows a stronger upper-tail
dependence coefficient with large counts of outlying CMHP events (Figure S10c in Supporting Informa-
tion S1); however, sites in this area show a longer response time of more than 45-hr (Figures 6¢ and 6g). Over the
northwest and western coastal plains, the complete dependence is, in general, negative. In contrast, the depen-
dence strength at the upper tail is weaker, and in a few cases, positive across the western coastal plains. The
gauges across the northwest, such as New Delhi, Jaipur, Ahmedabad, and central northeast regions, such as
Prayagraj and Bhubaneshwar, experienced on average three compound events per year. Out of these gauges,
except Ahmedabad where a negative A, is apparent, the upper-tail dependence coefficients for 7, (and T,,..)
versus EPs for other cities lies in the range of 0.14-0.23. Positive upper tail dependence coefficients imply a
higher likelihood of CMHP events and, therefore, suggest hotspots of CMHP occurrence.

3.5. Seasonal Frequency of CMHP Events

The temporal evolution of CMHP frequency for each season indicates a substantial increase in the monsoon and
post-monsoon seasons with trend slopes of 0.54 and 0.35 year™', respectively (Figure 7). The trends are smaller
for the pre-monsoon (0.26 year™") and winter (0.18 year™") seasons. For all seasons the trends are statistically
significant with a p-value <0.05 with F-test. The significant increase in seasonal trends in CMHP frequency
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Figure 7. Seasonal frequency of Compound Moist Heatwave-Extreme Precipitation (CMHP) events. The shaded lines show the annual frequency of CMHP events for
each season. The CMHP frequency is smoothed using 8-year moving average (solid lines) to emphasize the inter-annual to decadal variability in CMHP events. The
changes in seasonal frequency (dashed lines) show statistically significant increasing trends for all seasons with a p-value < 0.05 with F-test.

suggests an increased risk of EPs preconditioned by humid heatwaves. The largest counts of CMHP events
occurred in 2010 (with a total count of 133), followed by 1998 (131 events) considering all sites and seasons. The
monsoon season of 1998 and the post-monsoon season of 2010 reported extremely high numbers of CMHP
occurrences.

3.6. Changes in Conditional Exceedance Probability of Extreme Rainfall With Increasing Heatwave
Duration or Return Period

We use the trivariate copula function to understand the relative changes in exceedance probability of above-
average EPs for two scenarios: (a) for the 10-year humid heatwave peak intensity 7, and varying heatwave
durations, d = 6, 7, 8, 9, and 10 days relative to 5-day events, (b) for the 5-day heatwave duration d and varying
return periods (2, 5, 15, 20, 25, and 50-year) of heatwave peak intensities 7, relative to the 10-year event. The heat
maps (Figure S11 in Supporting Information S1) presenting the relative changes in exceedance probability
suggest that EP is substantially affected by both heatwave characteristics. Increasing the duration of a heatwave
for the 10-year peak intensity results in lower EP values for a 67% (18/27) of sites (Figure S11a in Supporting
Information S1). In contrast, increasing the heatwave amplitude for the 5-day duration results in higher EP values
for ~55% (15/27) of sites (Figure S11b in Supporting Information S1). The relative changes are more prominent if
the return period of 7, increases from 2-year to 10-year. For higher return period events (>15-year), the relative
difference becomes smaller.

To understand the spatial variation, we visualize the relative changes in exceedance probability of above-average
EPs for two representative extreme scenarios: (a) the 10-year heatwave peak intensity T,, with varying event
durations from d = 5-10 days; (b) the 5-day heatwave duration with varying return periods of peak intensity 7,
ranging from 2-year to 50-year amplitudes (Figure 8; upper and lower panels; Tables S9 and S10 in Supporting
Information S1). While for scenario (a), 33% (9 out of 27) sites show an increase in the likelihood of above-
average EPs from 2% to 36%, 67% of sites show a decrease in EPs due to limited moisture availability at
higher temperature associated with the longer duration of heatwave episodes (Table S9 in Supporting Informa-
tion S1). In contrast, for scenario (2), ~55% of sites show an increase in the likelihood of EPs from 3% to 31%
(Table S10 in Supporting Information S1). Our findings are in agreement with earlier assessments (Ghausi
et al., 2022; Robinson et al., 2021) that showed an intensification of rainfall extremes in the tropical regions,
especially across the Indian subcontinent (see Figure 2 in Robinson et al., 2021) with warmer temperatures.
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Figure 8. Changes in conditional exceedance probability of extreme precipitations (EPs) and associated drivers given (a) fop panel: 10-year peak heatwave intensity with
increasing humid heatwave duration from d' = 5 days to d' = 10 days; bottom panel: 5-day heatwave with increasing peak intensity from 7, = 2-year to 7,, = 50-year

return events. Change in mean moisture flux in the monsoon (June-September) months versus the entire year for (b) humid hot days defined by T, (fop panel) and T,
(bottom panel), and for (c) days with extreme precipitation events preceded by 7, (top panel) and T,

vmax

(bottom panel). Stipples in white indicate grids with vertically

wmax

integrated moisture transport (VIMT) anomaly >100 kg m™'s™" and significant at 1% significance level (p < 0.01). The statistical significance of VIMT anomalies are
detected using the Wilcoxon rank-sum test.

Although these assessments have focused on the sensitivity of rainfall to temperature, they have not shown the
impact of heatwave duration on rainfall extremes.

For scenario 1, the sites Srinagar, Lucknow, Mumbai, Visakhapatnam, and Thiruvananthapuram show a relative
increase in EPs in the 12%-36% range. Out of these five cities, three cities are located in the low-elevated coastal
peninsula and western coastal plain (Table S9 in Supporting Information S1). The largest increase is apparent in
Srinagar (36%), situated in a hilly region with a temperate climate, followed by Visakhapatnam (31.5%) in
peninsular India. In Mumbai, the above-average EP events are expected to increase from 36% to 42% (13%
relative increase) for a moderate increase in heatwave duration from 5 to 10 days. On the other hand, several
stations (67%, 18 out of 27) show a decline in EPs (between 1% and 16%) with increasing duration. The most
significant decline is expected in Dehradun city (16%) near the Himalayan foothill, followed by Bengaluru (13%)
located in the west-central region. For scenario 2, a substantial increase in above-average EPs is expected along
the vast stretches of IGP, the low-elevated coasts of central northeast and southern peninsular regions. For both
scenarios, Dehradun in the hilly region, Lucknow in the central northeast, Raipur and Akola in the west-central,
and Visakhapatnam and Thiruvananthapuram in the peninsular region show an expected increase in above-
average EPs for changing heatwave characteristics.

The maps of VIMT anomalies during the hot days (Figure 8: column b) versus the EP events (Figure 8: column c¢)
compare the moisture transport variations during these events. The differences in daily averaged VIMT during the
days of peak T, intensity (and annual maxima 7,,,,,,) through all seasons versus the humid hot days during
monsoon months show a divergence (or decrease, shown using lighter shade in the VIMT anomaly plot) pattern,
especially in the lower Gangetic Plains, and in northwest and northeast India. This indicates atmospheric blocking
during humid hot days (Figure 8: column b), which corroborates findings of an earlier assessment (Dubey
et al., 2021). During EP events following the peak T, intensity (Figure 8: column c, upper panel), the moisture
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convergence (or increase, shown using darker shade in the VIMT anomaly plot) strengthens cyclonic circulation
over the southern region, coastal plains, pushing moisture flux towards the west-central, northeast, and central-
northeast regions (Figure 8, column c: upper panel; white stipples show grids with VIMT anomaly of
>100 kg m~' s™', which is significant at 1% significance level). The high moisture flux from the Bay of Bengal
advects towards the IGP (Figure 8, column c: upper panel shown using white stipples). During the EP events
following 7.« (Figure 8, column c: lower panel), we find lower, however, more zonal concentration of moisture
flux over the peninsula region with larger spatial coverage of positive VIMT anomalies in the range of >60—
80 kg m™' 57! over the IGP and northeast areas (shown using darker shades). The spatial coverage of positive
VIMT anomalies for the EP events following T,

max

is, however, statistically insignificant over the IGP and
northeast region, unlike the EP events following the peak 7, intensity. Taken together, the results show large
changes in moisture flux over the west-central and the central northeast regions during EP days that follow humid
hot days. Over the peninsular region, although VIMT anomalies show significant positive changes during the
days of peak T, intensity (and annual maxima 7,,,,,), the magnitude and spatial extents of significant positive
VIMT anomalies are larger during the EP events (shown using darker shades). The difference in VIMT anomalies
during the hot days versus EP events might be a consequence of the influence of the low-level jets, which are
prominent in the monsoon-dominated areas of South Asia from June to August and are a key contributor to global
moisture transport (Gimeno-Sotelo & Gimeno, 2023).

4. Discussion
4.1. Changes in Individual Drivers of CMHP Events Versus Their Nonlinear Association

The spatial distribution (Figure 5) of trends in humid heatwaves shows an increase over the northwest, west-
central, and southern peninsula and a few sites in the eastern coastal plains. While intense heatwaves are
caused by winds from the northwest desert that advect heat to central and northern India (Satyanarayana &
Rao, 2020), intensifying irrigation practices over the IGP of the central-northeast region have further resulted in
increased humid heatwave as suggested by the positive trend slopes (Figure 5). The mean timing of peak humid
heatwave intensity in IGP is temporally scattered around February-August (Figures S9a and S9b in Supporting
Information S1), which corroborates earlier findings of the timing of peak humid heatwave in this region, in
particular, during the pre-monsoon seasons when relative humidity is low (Guo et al., 2022). The expansion of
irrigated areas and the presence of atmospheric aerosols could be responsible for the increase in heat stress during
the pre-monsoon period compared to the monsoon season (Figures S9a and S9b in Supporting Information S1;
Guo et al., 2022; Jha et al., 2022). During the southwest monsoon season, a higher diurnal variability is observed
in the eastern coastal area compared to the western coast (S. J. Reddy, 1976). Further, from June to September,
north India experiences higher wet-bulb temperatures than the southern peninsula (S. J. Reddy, 1976). A recent
(Dubey et al., 2021) study have shown that the “warm air intrusion” from the northwest region contribute to heat
stress in the southern peninsular India (Dubey et al., 2021). As a result of the warm air intrusion, the region
experiences a low-specific humidity anomaly, which prevents the entry of humid-cold air from the ocean, leading
to elevated temperatures.

The trend analysis suggests a decrease in EP following the peak heatwave across several sites that are primarily
concentrated around north-west, west-central and peninsular India. The rainfall in tropical regions is essentially
convective in nature; however, a decline in sub-daily EP following heat stress could be due to a potential synoptic-
scale linkage between cloud cover and precipitation when temperatures reach beyond 23-25°C, impacting
incoming shortwave radiation, as demonstrated earlier for tropical India (Ghausi et al., 2022). An (insignificant)
increase of 0.3 mm decade™" in EP preceded by the annual maxima T,, .,
region (Figure 5d and Table S5 in Supporting Information S1), which is possibly linked to recent warming

is apparent across Dehradun in the hilly

amplifications in the high-elevated regions of the Himalayas (Lutz et al., 2014; You et al., 2017). Further, the
mean timing of T, for Dehradun is around June. Coincidently, Dehradun receives severe rains during the
monsoon season, which is caused by eastward migrating monsoon disturbances, including cyclonic circulations,
low-pressure systems or monsoon depressions that travel along the monsoon trough (A. Sharma et al., 2012). An
earlier study also documented a long-term increasing trend in monsoon rainfall for Dehradun (Basistha
et al., 2009).

We find that the mean lag (Figures 6¢ and 6g) time between peak heatwave intensity and EP events is higher for
most sites located in the central northeast and hilly regions compared to sites located across the northeast and
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eastern coastal plains. The lower (higher) lag times can result in a smaller (larger) frequency of CMHP occurrence
per year (Figure 6d). Our results corroborate earlier studies (Devanand et al., 2019; Douglas et al., 2009; Lee
et al., 2009; Sen Roy et al., 2011) that suggest intense irrigation activities over northern India have caused a
weakening of early monsoon rainfall, which is responsible for a delayed shift in the timing of intense EP events
over the IGP in the central northeast region, leading to a longer lag time of CMHP events. Further, the desert
region of northwest India reports the highest temperature since the hot air from the Middle East enters the Indian
subcontinent via this region (Satyanarayana & Rao, 2020). The dry extratropical winds associated with mid-
latitude westerlies inhibit the convective instability over northwest India, which suppresses monsoon convec-
tion resulting in the weakening of monsoon rainfall (Krishnan et al., 2009). The reduced monsoon convection and
weakened monsoon rainfall across the northwest region possibly explain the negative correlation between peak
humid heat stress and peak rainfall over a few sites (e.g., Jaipur and Ahmedabad) of this region.

4.2. Relative Changes in Above-Average EP in Response to Heatwave Characteristics

The conditional probability model shows lower probability of extreme rainfall with increasing heatwave duration,
from 5-day to 10-day, for 67% of sites. While temperature-related convection is a major driver for localized high
rainfall intensities (Dowdy & Catto, 2017), lower rainfall probabilities could be due to heat-induced suppression
of rainfall or moisture constraints at higher temperatures, as evident in both mean and EP over land across several
regions globally (Fowler et al., 2021; Sun & Wang, 2022). Our findings corroborate with Sauter et al. (2023), who
showed a modest increase in probability of rainfall preceded by heatwaves in western India as compared to the
western coast. However, Sauter et al. (2023) neither considered humidity when defining heatwaves nor inves-
tigated the effect of heatwave duration on EPs. While a general agreement between our study and Sauter
et al. (2023) is apparent, due to differences in definitions of heatwaves, extreme rainfall, and the sampling
variability of compound events, a direct comparison between the two studies is not possible.

With an increase in peak heatwave intensity, for a given duration, >50% sites show an expected increase in short-
duration rainfall extremes, confirming that an increase in humid heat exacerbates convective instability followed
by precipitation extremes. Interestingly, in both scenarios, the eastern coastal plains and irrigation intensive
regions show an increase in short-duration EPs. An increase in the likelihood of above-average EPs in two of the
central Indian cities, Raipur and Akola, can be explained by their recent expansion in irrigation potentials in those
areas (CWRD, 2023; MSDB, 2013) and the variability in the zonal moisture transport over the central Indian
subcontinent (Roxy et al., 2017). Over west-central India, an increase in EP could be linked to an intensification of
cyclonic vorticity generated by convective heating associated with monsoon low-pressure system (Nikumbh
et al., 2020). Further, our result shows a spatially varying trend in sub-daily EPs in response to heatwave char-
acteristics. Previous research (Ghosh et al., 2012; Paul et al., 2018) found substantial spatial heterogeneity in
precipitation extremes, with opposite trends in adjoining sub-regions, which they attributed to rapid rising ur-
banization (Paul et al., 2018).

The sensitivity analysis (Figure 8; Figure S11a in Supporting Information S1) shows cities located within a 20 km
radius of the coastline, for example, Visakhapatnam and Thiruvananthapuram in the southern peninsular coast
and Mumbai in the west-central region, are expected to experience a robust rise in EPs. An expected increase in
precipitation in coastal regions is due to ocean conditions driving the atmospheric circulation (Trenberth &
Shea, 2005). According to a recent study (Mohanty et al., 2023), the localized EP over the Mumbai coast during
monsoon seasons, when humid heatwave is likely to occur (Figure S9 in Supporting Information S1), is the result
of a confluence of numerous drivers, including an abnormally high SST gradient, the orography of the Western
Ghats, and a Bay of Bengal depression, which flows north-northwestward.

4.3. Implications for Further Research and for Climate Adaptation

The multiple drivers, their space-time changes and their conditional dependencies, especially at the upper tails,
lead to a complex chain of causal processes of CMHP events with potentially devastating impacts (Zscheischler
etal., 2018). The possible transition toward wetter or dryer patterns in response to humid heatwave characteristics
poses challenges for understanding anthropogenic influences on CMHP events (Masson-Delmotte et al., 2021),
operational forecasting and risk-informed decision-making (Abbaszadeh et al., 2022). Transitions to dryer/wetter
rainfall patterns as consequence of increasing heat stress in a warming world may have substantial impacts on
terrestrial ecosystems and built environments (Matand et al., 2022; Yin et al., 2023). A humid heatwave that hits
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ecosystems and societies may increase their vulnerability to extreme rainfall and, in turn, to flooding and
associated consequences such as erosion and landslides.

As the frequency and intensity of heatwaves and EP tend to increase as a consequence of climate change (Zhou
et al., 2023), and as the associated consequences for CMHP events are complex, there is a need for in-depth
analyses of the interactions between heatwaves and extreme rainfall regionally, and at larger spatial scales
considering multiple climate regimes in a changing climate. Over the low-latitude tropical land regions, anom-
alously low soil moisture often acts as a determinant of heat stress (Rothlisberger & Papritz, 2023), which
potentially controls CMHP hazards. Due to the high persistency of soil moisture, this effect is deemed insig-
nificant for variations less than a month (Dirmeyer et al., 2022), and hence not considered in our study.

Our findings underpin the role of conditioning heatwave characteristics for an expected decline or amplification
in EP events. These findings suggest that expected increases in EP will have an unprecedented impact on small
catchments, especially impermeable urban watersheds prone to flash floods (Faghih & Brissette, 2023). In
contrast, heatwaves compounded by a decline in precipitation impact vegetation productivity and depletion of soil
moisture reserves, which gradually evolve into the development of dryer state, escalating the likelihood of
persistent droughts (Ganguli, 2023; Mukherjee et al., 2023).

5. Conclusions

This paper investigates the statistical coupling between heatwave characteristics and following short-duration
precipitation extremes. A positive (negative) coupling between interdependent drivers translates into a larger
(lower) risk of sequential compound heat stress-extreme precipitation events. For this, we introduce a copula-
based conditional probability framework that defines a conditional joint probability in which humid heatwave
characteristics, namely heatwave intensity and duration, determine the conditional probability of sub-daily
extreme rainfall. Using this framework, we compare the impact of conditional duration and peak amplitude
distributions on short-duration precipitation extremes and derive associated uncertainty (PDF). We find that with
a modest increase in heatwave characteristics (i.e., either duration or peak heatwave intensity) during hot-humid
days, large amplifications in short-duration EP events are apparent over the coastal cities compared to cities in the
IGP. An expected amplification in short-duration EPs in response to climate warming and corresponding heat-
wave attributes suggests susceptibility to cascade hazards, that is, heat stress - moderate to severe rain-induced
flooding in coastal areas. This is alarming since the recovery period tends to shorten when multiple CMHP
events occur in quick succession, overtaxing disaster management capabilities. However, it should be noted that
we do not evaluate the flooding related damages.

Our proof-of-concept approach may be adapted to any geographic region to locate “hotspots” of CMHP events
using observations and climate model output. Insights from the study will benefit risk management, flash flood
forecasting, and the (re)insurance industry, especially over the Indian subcontinent, which is prone to heat stress.
As climate shocks increase, we may expect enhanced humid heat stress-short-duration EP coupling with a shift in
the seasonal timing of such events, which has profound social and economic consequences (Buermann
et al., 2013; Marelle et al., 2018). To fully understand the complex feedback mechanisms that govern the climate
system and develop resilient adaptation strategies to such extremes, future evaluations are required to unveil the
effects of anthropogenic forcing on CMHP extremes.

Data Availability Statement

Hydrometeorological records are obtained from the IMD, Pune—Data Supply Portal (https://cdsp.imdpune.gov.
in/home_dsp.php and https://dsp.imdpune.gov.in/data_supply_service.php#procedure). The population data is
obtained from the Census India website for the Census year 2011, namely from files “C-14 City: Population In
Five Year Age-Group By Residence And Sex-2011”, “A-04: Towns and urban agglomerations classified by
population size class in 2011 with variation between 1901 and 2011—Class I (population of 100,000 and above)”,
and “A-04: Towns and urban agglomerations classified by population size class in 2011 with variation between
1901 and 2011—Class II (population of 50,000 to 99,999),” available freely at Census of India website in the
webpage Census tables https://censusindia.gov.in/census.website/data/census-tables. The VIMT time series are
downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF)'s ERA-Interim product
archived at: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-interim.
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