
1. Introduction
India has recently witnessed a rise in moist heat extremes, which adversely impacted public health (Im et al., 2017; 
Mazdiyasni et al., 2017; Mishra et al., 2017, 2020). Due to rising temperature and population, moist heat stress is 
projected to increase under the warming climate (Coffel et al., 2017; King et al., 2016; Knutson & Ploshay, 2016; 
Matthews et  al.,  2017). Air conditioning reduces vulnerability to extreme humid heat (Barreca et  al.,  2016; 
Biardeau et al., 2019; Burgess et al., 2017; IEA, 2022). Nevertheless, dependence on air conditioning increases 
the chance of blackouts and infrastructure damage due to increased electricity demands during the heatwaves 
(Stone, Mallen, Rajput, Broadbent, et al., 2021; Stone, Mallen, Rajput, Gronlund, et al., 2021; Yu et al., 2012). 
In addition, a considerable challenge to the energy infrastructure is posed by landfalling tropical cyclones (TCs) 
that cripple the power supply over a region (Oh et al., 2022; RSMC, 2021).

Compared to other regions, the North Indian Ocean (NIO) produce fewer TCs with a distinct bimodal seasonal 
pattern peaking during pre-monsoon and post-monsoon seasons (Evan & Camargo,  2011; Gray,  1968; Li 
et al., 2013). The TC frequency is higher during the post-monsoon. However, the pre-monsoon TCs have higher 
intensity (Li et al., 2013). Temporally compounding post-monsoon TCs caused flooding in Indian river basins 
due to wetter antecedent moisture conditions (RSMC, 2000). In contrast, pre-monsoon TC-driven flooding is less 
likely due to drier conditions, effectively reducing the hazard associated with them (Rajeev & Mishra, 2022). 
Apart from flooding, TCs can significantly influence moist heat extremes. For instance, Matthews et al. (2019) 
demonstrated the potential of the increased occurrence of sequentially compounding TC-Heat stress events. In 
these events, TCs first damages the infrastructure and disrupt the power supply in an area. Subsequently, a rise in 
heat stress threatens the population is recovering from the TC impact.

Novel combinations of various extremes have resulted in the rise of compound events under the warming climate 
(Seneviratne et al., 2012; Zscheischler et al., 2018). As compound extremes adversely affect human systems, 

Abstract Moist heat stress can lead to the inability of the human body to cool itself due to the impact 
of high temperature and humidity. The co-occurrence of tropical cyclones (TCs) and moist heat stress has 
considerable implications for India's dense population and infrastructure. However, the crucial linkage between 
TCs and moist heat extremes remains unrecognized. We used the cyclone eAtlas and ERA5 reanalysis to 
examine the temporally compounding TC and moist heat extremes over India from 1980 to 2021. We find 
that TC-Heat stress events in India have increased recently, which can be attributed to the high-intensity 
TCs originating from the Arabian Sea. The risk of TC-Heat stress events is higher (than in other parts of the 
world) in India due to an overlap of peak moist heat and TCs occurrence during the pre-monsoon (April–June) 
season. Landfalling TCs alter the thermodynamic environment causing the moist heat to peak over the region 
with increased frequency and intensity. The direct and compounded influence of TCs on moist heat can have 
substantial implications.

Plain Language Summary Tropical cyclones (TCs) in India occur during the pre-monsoon and 
post-monsoon season. The pre-monsoon season overlaps with the summer with high temperature. TCs damage 
infrastructure related to electricity and communications, however, the linkage between TCs and moist heat 
stress in India has not been explored. We show that compound extremes of TC and moist heat extremes are rare 
in other parts of the world, however, these occur more frequently over India. In addition, the risk of TCs and 
moist heat stress occurring together has increased in the recent past in India. Our findings have implications for 
the planning and management of infrastructure and public health implications of compound extremes.
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they have received wide attention recently (Abatzoglou et  al.,  2021; Bevacqua et  al.,  2019; He et  al.,  2022; 
Martius et al., 2016; Zscheischler et al., 2021). Subsequently, compound extremes linked to cyclones in various 
regions have also been investigated, with most of them focusing on the rise in TC-driven wet and windy extremes 
(Dullaart et al., 2021; Gori et al., 2020; Messmer & Simmonds, 2021; Owen et al., 2021; Rajeev & Mishra, 2022; 
Raveh-Rubin & Wernli, 2015; Villarini et al., 2014; Woodruff et al., 2013). Despite being affected by TCs annu-
ally (NDMA, 2022), TC-driven compound extremes in India have not been critically examined. Moreover, the 
compounding effect of the TC and moist heat stress has not been examined in India, notwithstanding a consider-
able population exposure and enhanced risk of both extremes under the warming climate. Therefore, we examine 
the changes in temporally compounding TC-Heat stress events in India during the observed period (1980–2021). 
The questions we address are (a) How often do TC-Heat stress events occur in India, and to what extent has 
the frequency of TC-Heat stress events changed during the observed record? (b) what are the characteristics of 
TC-Heat events in India? and (c) does the passage of TC directly influence the subsequent rise in moist heat over 
the region? We used Cyclone eAtlas from India Meteorological Department (IMD) to evaluate the area affected 
by TCs. We employed the ERA5 reanalysis data set to examine the land-atmospheric processes that drive the 
TC-Heat stress compound extremes.

2. Data and Methods
2.1. Data

We used the ERA5 reanalysis data set developed by the European Centre for Medium-Range Weather Forecasts 
(ECMWF) at 31 km spatial resolution (Hersbach et al., 2020) to assess extreme moist heat stress following the 
passage of TCs over various parts of India. We obtained hourly 2 m air temperature, dew point temperature, down-
ward surface solar radiation, volumetric soil moisture for the top three layers (0–7 cm, 7–28 cm, 28–100 cm), 
evaporation, boundary layer height, cloud cover fraction, and vertically integrated moisture divergence for 
1980–2021 period. Subsequently, we estimated root zone (0–60 cm) soil moisture content using volumetric soil 
moisture from ERA5 (Mishra et al., 2018). The variables were converted from hourly to daily timescales to inves-
tigate their role in TC-Heat stress events better. The availability of multiple variables at high spatial and temporal 
resolutions is crucial for examining the impact of temporally compounding TC-Heat stress events. The reanalysis 
data set has been widely used for the assessment of moist heat stress (Koteswara Rao et al., 2020; Matthews 
et al., 2017; Mishra et al., 2020) and TC impact (Matthews et al., 2019; Messmer & Simmonds, 2021; Owen 
et al., 2021; Rajeev & Mishra, 2022).

We extracted the TC tracks from the Cyclone eAtlas of the IMD, an electronic atlas of the NIO Cyclonic Distur-
bances (CD), which provides data from 1891 to 2020 (Cyclone eAtlas-IMD, 2022). Tracks for CDs of three 
categories are available in the atlas - Depressions (D), Cyclonic Storms (CS), and Severe Cyclonic Storms (SCS). 
The SCS category is further divided based on sustained wind speeds by IMD. We used TCs, which according 
to the TC classification of IMD, fall under the following categories: CS, SCS, Very Severe Cyclonic Storms 
(VSCS), Extremely Severe Cyclonic Storms (ESCS), and Super Cyclonic Storms. We only considered TCs that 
made landfall over India from 1980 to 2021. In addition to the Cyclone eAtlas, we also used the IMD best track 
data for the tracks of the 2021 TCs. We used the maximum intensity of the cyclone as the decline in the intensity 
of the TC points to a reduction in wind speed and does not provide information about rainfall associated with the 
event. The size of the TC in terms of area affected by TC rainfall is what we focus on as the amount of moisture 
carried over to land can influence moist heat over the region. Furthermore, the amount of moisture uptake over 
oceans is closely related to the maximum intensity of the TCs (Rajeev & Mishra, 2022). Hence the maximum 
intensity is more critical for heat stress rather than the intensity during landfall as it does not provide information 
about the moisture transport by the TC.

2.2. Estimation of Dry and Moist Heat

We calculated the daily maximum temperature using hourly 2-m surface air temperature from ERA5 for the 
1980–2021 period to determine dry heat extremes in India (Mishra et  al.,  2020). While dry heat is directly 
dependent on hourly temperatures, variation in moist heat is complex as it varies primarily with air temperature 
and humidity. Despite its significance and complexity, wet-bulb global temperature (WBGT) observations are 
limited and are usually approximated (de Lima et al., 2021). One of the most common approximations is the 
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simplified WBGT requiring only temperature and humidity, assuming fixed values for solar radiation and wind 
speed (ABM, 2010). We approximate WBGT using the environmental stress index (ESI) (Moran et al., 2001; 
Moran & Epstein, 2006). ESI was developed using a multiple regression model including air temperature (Ta), 
relative humidity (RH), surface downward solar radiation (Sdown), and their interaction terms as independent 
variables as:

ESI = 0.63�� − 0.03RH + 0.002�� + 0.0054 (�� ⋅��) − 0.073(0.1 + ��)−1 (1)

Relative humidity was estimated using the hourly 2 m air temperature (Ta) and dew point temperature (Td) from 
ERA5 reanalysis as:

RH = 100 ⋅ e

(

243.04⋅17.625(𝑇𝑇𝑇𝑇−𝑇𝑇 𝑇𝑇)

(243.04+ 𝑇𝑇 𝑇𝑇)⋅(243.04+ 𝑇𝑇𝑇𝑇)

)

 (2)

We used hourly ESI to estimate the daily maximum ESI for determining moist heat stress over the cyclone-affected 
region.

2.3. Estimation of Compound TC-Heat Stress

We estimated the region affected by each TC after landfall using the cyclone tracks. Cyclones from different 
categories have different areal extent, with SuCS potentially affecting a large part compared to CS. However, the 
area within the 100-km radius is the region of the highest impact of most landfalling TCs, even if the TC size is 
considerably large (NDMA, 2022). Therefore, we considered the area within 100-km of the TC tracks by select-
ing the grids over land within the cyclone-affected region. We used this region to extract spatially averaged daily 
ESI to identify compounding TCs and moist heat stress.

We considered ESI greater than 31°C as extreme moist heat since physical labor becomes difficult under such 
conditions (Buzan & Huber, 2020). We defined the TC-Heat stress event as a TC followed by an extreme moist 
heat day within 30 days of passage of the cyclone over the region. Matthews et al. (2019) used a similar 30-day 
window following TCs to define such events. However, while we use spatially averaged values, Matthews 
et al. (2019) define a TC-Heat Stress event if moist heat exceeds the threshold in just one of the grid cells along 
the cyclone track. Considering the area affected by landfalling TCs, we expect moist heat stress to develop over 
a large part of the cyclone-affected region. We used the Rank-Sum test to determine the significance levels in the 
study, particularly the difference in the pre- and post-cyclone periods.

3. Results
3.1. TC-Heat Stress Events in the Observed Period (1980–2021)

We examined 96 TCs from 1980 to 2021 in the NIO and identified 19 TCs followed by moist heat extremes 
(Figure 1a, Tables S1 and S2 in Supporting Information S1). While nearly 20% of TCs in NIO during this period 
resulted in temporally compounding TC-Heat stress events (Table S2 in Supporting Information S1), such events 
in other parts of the world are not so frequent (Matthews et al., 2019). The asynchronous seasonal cycle of TC 
occurrence and extreme moist heat contributes to the extremely low frequency of TC-Heat events in the North-
west Pacific, South Indian, and North Atlantic basins (Matthews et al., 2019). The higher frequency of TC-Heat 
stress events in India can be due to the increased formation of TCs during the pre-monsoon season (April–June) 
when the temperatures peak over land. We used the long-term daily averages for the years that did not experience 
TCs to examine the regional moist heat stress anomalies. In the years with no TCs, the moist heat in the area 
affected by TCs peaks (exceeding 31°C) during May, which often persists till early June before the onset of the 
Indian summer monsoon over north India (Figure 1b).

Next, we examined the spatial, seasonal, and categorical distribution of TC-Heat Stress events over India. We 
estimated the fraction of TCs followed by heat stress in the Arabian Sea, the Bay of Bengal, and the North Indian 
Ocean. Moreover, we also considered the decadal variability in the occurrence of such events. Our results show 
that in NIO, TC-Heat Stress events have increased substantially from 10% during 1980–1990 to nearly 40% in 
the recent decade (Figure 1c). Most TC-Heat Stress events are associated with Arabian Sea cyclones, which have 
recently increased due to climate change (Deshpande et al., 2021). Hence, the rise in TC-Heat stress events over 
India can be attributed to the increase in cyclones from the Arabian Sea. Deshpande et al. (2021) reported that 
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the rise in TCs is more prominent during May and June (pre-monsoon), which subsequently overlaps with the 
period of extreme moist heat over land (Mishra et al., 2020). Consequently, we find that the highest percentage 
of TC-Heat stress compound events occur during the pre-monsoon season, with few such events happening in the 
monsoon season, while no compound events occur during the post-monsoon season (Figure 1d).

Compared to post-monsoon TCs, pre-monsoon TCs have higher intensities over the North Indian Ocean (Li 
et al., 2013). As a result of the frequent high-intensity TCs in the pre-monsoon, most TC-Heat stress compound 
extremes are associated with Super Cyclonic Storms and Extremely Severe Cyclonic Storms (Figure  1e). 
However, the frequency of SuCS is relatively lower than other categories of TCs (Table S1 in Supporting Infor-
mation S1). Nevertheless, both TCs of the SuCS category that occurred during the pre-monsoon season caused 
moist heat stress (Table S3 in Supporting Information S1). High-intensity TCs such as SuCS and ESCS cause 
immense damage upon landfall as they are associated with extreme winds affecting large areas (Lavender & 
McBride, 2021; Rajeev & Mishra, 2022). Hence, following such events, extreme moist heat stress can devastate 
the region and increase the hazard posed by TCs. TCs in VSCS category cause lower moist heat stress compared 
to SCS and CS category cyclones, as the percentage of TCs causing moist heat stress were estimated based 
on  the  total number of TCs (Pre-monsoon, Monsoon, and Post-monsoon) in that category. While the total number 
of VSCS TCs that made landfall in India is 20, these have rarely occurred during the pre-monsoon and monsoon 
seasons (Table S3 in Supporting Information S1).

Figure 1. (a) Tracks of Cyclone which made landfall in India during 1980–2021. Tropical cyclones (TCs) which were followed by heat stress are shown in red. (b) 
Long-term averages (excluding TC years) of daily moist heat in TC affected areas. The darker shade corresponds to composite mean of all the time series. (c) Decadal 
variation in TC-Heat events in India. (d) Seasonal distribution of TC-Heat events. (e) Distribution of TC-Heat events in the Indian region based on intensity of cyclones.
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3.2. Characteristics of TC-Heat Stress Events

Next, we examine the influence of TC passage on the dry and moist heat. 
We used the composite mean of the standardized anomalies of ESI and the 
daily maximum temperature for all 19  TCs. We focus on 61  days centred 
on the day of landfall that is, 30 days before and after a TC. Similarly, we 
use the composite mean of standardized relative humidity anomalies and soil 
moisture anomalies. While TCs cause a decline in dry heat over a region 
(Sriver & Huber,  2007), moist heat stress may not be similarly affected 
(Matthews et al., 2019). We find that the standardized anomalies associated 
with dry heat undergoes a significant drop (p  <  0.01) due to TC passage 
(Figure  2b). Moist heat also exhibits a substantial and statistically signif-
icant reduction (p  =  0.014) due to TCs, from a pre-cyclone peak of 1.1 
standard deviation to approximately −4 standard deviation. However, moist 
heat quickly returns to the pre-cyclone values (+1 standard deviation) and 
continues to rise (Figure 2a). Even though dry heat increases after the TC 
passage, it gradually declines over time due to the rise in relative humidity 
through evaporative cooling. Despite reducing air temperatures post-TCs, 
the primary driver of heat stress is the increased humidity due to the influx 
of moisture by TCs (Chen et al., 2010; Fritz & Wang, 2014). Furthermore, 
such an influx of moisture by TCs also results in heavy precipitation over 
the region, causing a drastic increase in root-zone soil moisture (Figure 2c) 
(Rajeev & Mishra,  2022). Following TCs, soil moisture remains elevated 
for a prolonged period, increasing relative humidity and elevated moist heat 
stress (Figure 2d).

As we observe the rise in heat stress following TCs, it is necessary to deter-
mine the time lag between the two events to reduce the risk to communities 
in the region. Moreover, the number of heat stress days and the intensity 
of moist heat stress also influence the hazard posed by TC-Heat stress 
compound events. We estimated the days between TC passage and the first 
day of extreme moist heat for all the 19 TC-Heat Stress events. We find that 
in most cases, moist heat peaks within 10 days of TC passage (Figure 3a). 
The mean time lag between the two events in the observed period has been 
estimated to be about 5 days. Such a small interval between the two events has 
implications for the compound impacts caused by TCs and moist heat stress. 
For instance, TC passage can adversely impact regional power distribution, 
which can cause blackouts and power disruptions for a considerable period 
(Matthews et al., 2019). Moreover, an ensuing lack of air conditioning results 
in the population being more susceptible to heat stress than in years with 
no TCs. The period following TCs is also when post-disaster management 
operations occur (T. Matthews et  al.,  2019; NDMA,  2022), which can be 
impacted by the elevated moist heat stress. Increased heat stress during such 
labor-intensive tasks can affect the health of the rescuers with detrimental 
effects on the operations (Buzan & Huber, 2020; Sherwood & Huber, 2010).

While the interval between TC and heat stress peak is low, we find that 
more than half of the 30 days following TCs experience elevated moist heat 
extremes (Figure 3b). Moreover, we also estimated the distribution of peak 
intensity of moist heat. We determined the day following the TC for each 
cyclone when the maximum moist heat (ESI) above the threshold (31°C) 

occurred. Despite the threshold of 31°C for extreme moist heat, nearly half of these events exceeded 33°C. 
Furthermore, moist heat stress is projected to increase due to anthropogenic climate change in the future (Mora 
et al., 2017), which can exacerbate the intensity of such extremes with large implications due to the compounding 
nature of the two extremes (Matthews et al., 2019).

Figure 2. Composite impact of 19 tropical cyclones (TCs) on (a) moist heat, 
(b) dry heat, (c) root-zone soil moisture and (d) relative humidity over the 
affected region. Here we use a 61-day window to assess the impact before and 
after the TCs. Here the thin lines represent change in variables over individual 
TC affected areas and the thick line represents their composite means.
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3.3. Mechanism of TC-Heat Stress Events

TC-Heat stress events mainly occur because of the overlap between the periods of TC formation and peak heat 
stress (Matthews et al., 2019). Moreover, TC passage does not lead to a decline in moist heat in the following days. 
The hazard posed by these events is primarily attributed to their compounding nature (Matthews et al., 2019). 
However, moist heat stress has a higher frequency and intensity in the post-cyclone period than before the TC 
(Figure S1 in Supporting Information S1). Such disparity between the pre-and post-TC periods indicates that 
TC passage may induce the rise in moist heat over the region. Hence, we examined the processes during the 
TC passage that led to extreme moist heat stress over the area. For this, we use the TC Tauktae as it is the most 
recent cyclone that originated in the Arabian Sea in May 2021 and affected the west coast of the Indian peninsula 
(RSMC, 2021).

We find that TC Taukte was associated with a moisture flux extending over a large area (Figure 4a). This resulted 
in moderate to heavy rainfall along the cyclone's path, particularly over western India (RSMC,  2021). As a 
result of the TC rainfall, the standardized anomaly of soil moisture in the affected region rises from approxi-
mately 0.7 to 2 (Figure 4e). Over the ocean, the latent heat flux associated with TCs is above normal (more than 
300 W/m −2) and gradually declines after the cyclone's landfall (Hlywiak & Nolan, 2021). Following landfall, the 
high latent heat flux causes the evaporation of the rising soil moisture and significantly raises the relative humid-
ity over the region (Figures 4d and 4e) (Hlywiak & Nolan, 2021). The increasing humidity lowers the air temper-
ature over the region leading to the collapse of the atmospheric boundary layer (ABL, Figure S2a in Supporting 
Information S1), similar to that was observed due to intensive irrigation over the Indo-Gangetic Plain (Mishra 
et al., 2020). However, evaporation decreases once the latent heat flux is reduced due to lowered temperature. 
During this time, soil moisture and relative humidity decline as evaporation decreases.

The cloud cover over the affected region reduces to less than 40% in the days (10-day composite) following TC 
passage, facilitating a radiation-driven temperature rise (Figure 4b, Also see Figure S2b in Supporting Informa-
tion S1). Rising temperature again raises evaporation but is limited by the soil moisture content. The reduction in 
soil moisture also lowers the relative humidity of the region. However, the relative humidity decline rate slowly 
stabilizes for a short period despite a lack of evaporation. While the ABL gradually expands due to temperature 
rise, it does not reach the pre-cyclone level. The lowered ABL traps the moisture, resulting in prolonged enhanced 
relative humidity over the region (Sudeepkumar et al., 2020). Even though moist heat diminished due to TC 
passage, it quickly returned to pre-cyclone values following the TC due to elevated humidity and rising tempera-
ture. However, prolonged moisture entrapment by the collapsed ABL facilitated the overlap of high temperature 
and humidity, resulting in extreme moist heat over the region. The moist heat extremes sustained for a few days 
and affected western India and parts of Pakistan (Figure 4c). Therefore, TC passage influences a region's forma-
tion and intensity of moist heat stress.

Figure 3. (a) Interval between tropical cyclone (TC) and first peak moist heat. (b) Number of days with extreme moist heat within 30 days of TC passage. (c) 
Distribution of peak moist heat associated with various TCs.
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Figure 4. (a) Water vapor flux (kgm −2) associated with tropical cyclone (TC) Taukte after landfall, 10-day composite of (b) cloud cover fraction and (c) moist heat (°C) 
following Taukte's passage. The spatial average of (d) boundary layer height, mean temperature, evaporation, (e) relative humidity, root-zone soil moisture and moist 
heat over the region affected by TC. Here we use a 61-day window to assess the impact before and after the TC. P-value less than 0.05 indicates that difference for the 
pre and post cyclone is statistically significant at 5% level.
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4. Discussion and Conclusions
Climate change can fuel the development of new compound extremes by novel combinations of various extremes 
(Zscheischler et al., 2018). The study focuses on temporally compounding TC-Heat stress events, a novel extreme 
that is not well investigated (Matthews et al., 2019), especially in India. Globally only 3% of TCs are associated 
with such events owing to the asynchronous seasonal cycles of TC formation and extreme moist heat (Matthews 
et al., 2019). In the Indian region, the moist heat peaks during May-June, which coincides with the pre-monsoon 
cyclone season. Due to this overlap, 20% of TCs in NIO are followed by extreme moist heat. Hence, while the 
probability of TC-driven flooding is low during the pre-monsoon (Rajeev & Mishra,  2022), TC-Heat events 
increase the risk associated with TCs in this period. Moreover, the decadal distribution of such events reveals 
a substantial rise in TC-Heat stress events in the recent decade. The majority of such events are associated 
with Arabian Sea TCs. Recently, the Arabian Sea has witnessed a rise in TC frequency due to climate change 
(Deshpande et al., 2021) which could influence the number of TC-Heat stress events in the region. TC-Heat stress 
events are projected to increase with anthropogenic warming (Matthews et al., 2019). Matthews et al.  (2019) 
also demonstrate that the population increase will expose more people to such hazards. We also find that many 
TC-Heat stress compound events are associated with high-intensity cyclones, characteristic of most pre-monsoon 
cyclones (Li et al., 2013).

Our results reveal that while TC passage reduces the dry heat over a region (Sriver & Huber, 2007), moist heat 
may not be similarly affected. The influx of moisture by the TC compensates for the drop in temperature due to 
TC passage and retains moist heat (Matthews et al., 2019). We also find that following TC passage, moist heat 
increases over the region. In most of these events, the interval between TC passage and the first heat stress day 
is less than 10 days. Such a short interval can be highly hazardous for the population considering the damage 
to infrastructure due to cyclones. For instance, TCs cause prolonged blackouts, negatively affecting the power 
supply. Furthermore, the increased frequency and intensity of heat stress following TCs substantially impact 
public health as people require several days to acclimatize and improve their physiological response to extreme 
heat (Hanna & Tait, 2015). Finally, we demonstrate that TC passage directly influences subsequent rise in moist 
heat over a region. The collapse of the ABL following the evaporative cooling-induced decline in temperature 
traps the moisture for a prolonged period (Sudeepkumar et al., 2020). The subsequent temperature rise due to 
increasing solar radiation after TC passage overlaps with this period of elevated humidity, raising moist heat 
stress.

Compound extremes like TC-Heat stress events are particularly hazardous as they can significantly impact human 
systems more significantly than individual extremes (Hao, Singh, et al., 2018; Leonard et al., 2014; McPhillips 
et al., 2018; Seneviratne et al., 2012). For example, concurrent dry-hot extremes directly impact regional food 
systems (Alizadeh et al., 2020; Hao, Hao, et al., 2018; Lu et al., 2018; Wang et al., 2021), whereas compound flood 
events threaten human life and critically damages the infrastructure over a region (Bevacqua et al., 2019, 2020; 
Santos et al., 2021; Wahl et al., 2015). The frequency of compound extremes has increased globally in the recent 
decade due to anthropogenic climate change. However, TC-related compound events have not been explored in 
India, even though 80% of the world's fatalities due to TCs occur in this region (Needham et al., 2015). While 
TC activity in the NIO was thought to have declined toward the end of the twentieth century (Singh et al., 2000; 
Srivastava et al., 2000), the frequency of intense TCs has increased in the recent period primarily due to the rise 
in Arabian Sea TCs (Deshpande et al., 2021; Holland & Bruyère, 2014; Singh, 2010). Moreover, there has been 
a marked increase in TC impact in the region due to the rising coastal development (Raghavan & Rajesh, 2003). 
Anthropogenic warming and increased agriculture in India have caused a rise in moist heat extremes in the 
recent period (Mishra et al., 2020). Such extremes are also projected to increase over the region resulting in a 
40% decline in the work performance by the end of the century (Koteswara Rao et al., 2020). With rising TC 
intensities and heat stress posing increased destruction and mortality, it is necessary to examine these events from 
a compound events perspective. While moist heat has not been associated with TCs, their sequential nature can 
result in increased exposure to heat stress, making the findings of this study extremely relevant.

Based on our findings, we can conclude that:

1.  While TC-Heat events are rare in other parts of the world, in the Indian region, such events occur 20% of the 
time. The rise in moist heat over land coincides with the pre-monsoon cyclone season, enhancing the risk 
associated with pre-monsoon TCs.
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2.  The anthropogenic warming-driven increase in the frequency of Arabian Sea TCs has resulted in the rise of 
TC-Heat events in the recent decade. Most TC-Heat events are associated with high-intensity Arabian Sea 
TCs during the pre-monsoon season.

3.  Following TC passage, moist heat stress peaks over a region despite a decline in dry heat due to the influx 
of moisture by the TC. The TC impact and heat stress peak gap is less than 10 days. The short interval 
compounded with the higher frequency and intensity (ESI > 33°C) of heat stress during this period can poten-
tially result in a public health crisis.

4.  The landfalling TC modify the thermodynamic environment, driving up the moist heat over a region. Rather 
than just the risk of occurring successively, extreme heat stress in the post-cyclone period is directly influ-
enced by TC.

Data Availability Statement
The ERA5 reanalysis data set is freely available from the Copernicus Climate Change Services (C3S) https://
cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels. The cyclone tracks are freely available 
from the Cyclone eAtlas-IMD http://14.139.191.203/AboutEAtlas.aspx.
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