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Abstract 8 

Because of the climatological prevalence of hot, humid conditions, moist heat extremes are a 9 

significant challenge to the health and wellbeing of the people in India. While research has 10 

demonstrated the importance of summer monsoon to moist heat in India, impact of monsoon-11 

break and warm spells in modulating extreme moist heat regionally has not been fully 12 

investigated.  Here we investigate moist heat extremes, as measured by the Wet-Bulb Globe 13 

Temperature (WBGT) metric, specifically during monsoon and monsoon-break periods and 14 

find that they pose a major threat to physical labor and health relative to other seasons. 15 

During the 1951-2020 break period, an increasing trend in areas exposed (~42.76 million 16 

km
2
), representing at least 670 million people, were exposed to extreme and detrimental 17 

WBGT values >31°C.  Our results imply that future studies on extreme moist heat must pay 18 

close attention to the variation of weather systems on synoptic to subseasonal time scales that 19 

are superimposed on the seasonal monsoon migration. 20 

Key Points 21 

 Extreme monsoon-break moist heat is detrimental to physical labor relative to other 22 

seasons in the Indian region. 23 

 The substantial rise in extreme moist heat has contributed to elevated risk and 24 

population exposure over the country.  25 

 Rising global temperature drives extreme moist heat during the monsoon-break, 26 

similar to regional temperature change. 27 

Plain Language Summary 28 

A significant increase in temperature extremes associated with high humidity has been 29 

observed recently in India. While the Indian population is susceptible to moist heat owing to 30 

the current agricultural sector, the recent rise in construction employment can exacerbate its 31 

impact. Prolonged exposure to elevated moist heat during any period can lead to a health 32 

hazard that can be fatal during certain climatic conditions. We show that India has been 33 

exposed to dangerous levels of moist heat during monsoon-break, significantly affecting 34 

millions of people. While moist heat extremes occur during monsoon-breaks, it’s recent rise 35 

is primarily due to global warming. Additionally, the risk associated with the rise in 36 

monsoon-break moist heat is substantially higher than other seasons in India. Our findings 37 

have implications for public health and subsequent policy development. In recent decades, 38 

the increasing agricultural and construction activities in India have drawn immediate 39 

attention to policy revision in outdoor working hours.   40 



1. Introduction  41 

 42 

Extreme temperature events are increasing in prevalence in India and are becoming a major 43 

health hazard(Masson-Delmotte et al., 2021; Seneviratne et al., 2021). The change in summer 44 

heat waves has contributed to a 146 % increase in heat-related mortality(Mazdiyasni et al., 45 

2017). Many rural and urban areas in India have already witnessed the moderate work 46 

threshold of heat stress incorporating moisture, wind speed, and radiative inputs (Wet-Bulb 47 

Globe Temperature; WBGT) > 31 °C  (Kong & Huber, 2022) where physical labor begins to 48 

become challenging and dangerous. The prevalence of such conditions is expected to increase 49 

substantially with only 1.5 °C warming above pre-industrial values (Saeed et al., 2021) and 50 

elevated moist heat (> 31 °C) can result in a decline of 30-40 % in work performance (de 51 

Lima et al., 2021; Parsons, 2006). Summer monsoon agriculture is inextricably linked to 52 

improving the socio-economic condition of at least a billion people in the Indian subcontinent 53 

(Gadgil & Gadgil, 2006). A major health hazard due to elevated wet-bulb temperature is 54 

expected to occur over the densely populated South Asian region (Im et al., 2017), where one 55 

can experience a decline in the body’s ability to regulate the internal temperature, which can 56 

deteriorate metabolic cooling and cause mortality (Buzan & Huber, 2020). Raymond et al. 57 

2020 show that the human tolerance threshold value of 35 °C (wet-bulb temperature) already 58 

occurred in multiple locations in South Asia for at least 1- to 2-hours’ duration. The current 59 

and future increase in Indian moist heat will be a function of a myriad of factors: irrigation 60 

expansion (Mishra et al., 2020), summer monsoon onset (Raymond et al., 2020), moisture 61 

advection (Monteiro & Caballero, 2019), aerosol loading (Dey et al., 2021), soil moisture 62 

coupling (Wouters et al., 2022), and regional synoptic weather events (Ivanovich et al., 63 

2022).  64 

While an expanding body of literature so far has demonstrated that moist heat is detrimental 65 

in pre-monsoon or during monsoon onset the potential role that the synoptic scale break (also 66 

known as dry spell or monsoon-break) that typically occurs during an active monsoon phase 67 

has been less studied. Considerable effort has been devoted to documenting dry-wet spells 68 

and hot-dry conditions during the summer monsoon (Rajeev et al., 2022; Singh et al., 2014) 69 

and its projections (Mishra et al., 2020; Rajeev et al., 2022; Singh et al., 2014). During an 70 

active monsoon, the synoptic scale break period can instigate a substantial increase in 71 

extreme temperature embedded within the broader structure of the summer monsoon 72 

(Krishnan et al., 2000; Rajeevan et al., 2010). Given the tight coupling of moist heat extremes 73 

with relative humidity and temperature extremes (Buzan et al., 2015), understanding the 74 

changes in moist heat during the monsoon can better inform projections of the impact of the 75 

reduction in outdoor labor activities (Dunne et al., 2013).  76 

While large-scale experiments and observations are consistent in identifying the moist heat 77 

increase over the Indian region and we have also long understood the importance of 78 

monsoon-break (Raghavan, 1973; Singh et al., 2014), little to no investigation has been 79 

carried out on how monsoon breaks might affect moist heat stress extremes within the 80 

broader monsoon context. Here, we address this critical gap by revisiting the documented 81 

heat stress values through answering the question: Does warming intensify extreme 82 

monsoon-break moist heat in India? 83 



2. Data and Methods 84 

 85 

First, we calculated the hourly Wet-Bulb Globe Temperature [WBGT; (Liljegren et al., 86 

2008)] using the temperature, specific humidity, wind velocity and solar radiation from 87 

ERA5 reanalysis data for the 1951-2020 period (Kong & Huber, 2022). The specific 88 

humidity was calculated using Tetens's formula (Tetens, 1930), with the parameters based on 89 

saturation over water (Buck, 1981). Here, we used WBGT as an indicator for the moist heat 90 

stress. The WBGT model of (Liljegren et al., 2008) was based on the principle of heat and 91 

mass transfer derived from meteorological data. WBGT obtained from (Liljegren et al., 2008) 92 

method can achieve an accuracy close to 1 ºC or better, as compared to its station 93 

measurements, independent of location. We derived WBGT using the iterative method 94 

(Liljegren et al., 2008). For the sake of comparison with other work, we also calculated moist 95 

heat using the Environmental Stress Index [ESI; (Moran et al., 2003)] and modified WBGT 96 

[(mWBGT); Kong et al. 2022; Fig S1&2]. However, there is a significant underestimation 97 

from ESI up to 2 ºC during extreme moist heat identified along the Indian region (Kong & 98 

Huber, 2022). Since, ESI and mWBGT are approximation of actual WBGT, we used the 99 

(Liljegren et al., 2008) formulation for further analysis. WBGT metric, is an the Occupational 100 

Safety and Health Administration / the American Society of Heating, Refrigerating and Air-101 

Conditioning Engineers /ISO standard (Parsons, 2006) and has been in use as a heat stress 102 

metric since 1950 and is very well validated. The WBGT was used here for evaluating 103 

climatological mean change in moist heat and work performance decline. Labor rates 104 

typically drop off at a rate of about 2% per degree above 24 ºC WBGT (Flouris et al., 2018).  105 

A value above 31 ºC WBGT during heavy work intensity can reduce the labour performance 106 

from 100 to 20 % on outdoor activity (Kjellstrom et al., 2009). For instance, a moderate work 107 

condition above 31 ºC WBGT requires thirty minutes of rest for the same duration of activity 108 

(Epstein & Moran, 2006). Since six hourly data or higher resolution is necessary to capture 109 

the interactions of the components of WBGT (Jonathan R Buzan & Huber, 2020), we 110 

calculated the six hourly mean daily maximum WBGT for the 1951 – 2020 period. Our 111 

analysis focuses on characterising extreme moist heat during June – September (monsoon). 112 

Here, extreme moist heat is defined as the WBGT value above 31ºC. Further, climatological 113 

95
th

 percentile frequency was obtained to understand the change in extreme moist heat. 114 

Next, the areal extent of regions experiencing 31 °C moist heat exceedance for at least six 115 

continuous hours for the summer (March, April, and May), monsoon (June, July, August, and 116 

September), and monsoon-break periods were estimated. To do so, we calculated the 117 

cumulative daily hour of WBGT above 31 °C and derived the yearly median. Population 118 

exposure to prolonged extreme moist heat was also calculated for the 1960 – 2020 period. We 119 

used world bank population data for the 1960-2020 period(World Bank, 2022).The 120 

population data is then multiplied by average yearly hours with WBGT above 31 °C. We 121 

converted the hourly data into a seasonal fraction to account for the varying length of season. 122 

Further, moist heat risk to the population during the monsoon and summer seasons was 123 

calculated for the Indian region. We estimated the risk based on the IPCC-AR5 framework, 124 

which is the product of hazard, vulnerability, and population. Hazard is the trend obtained 125 

from the moist heat intensities for the 1951-2020 period on gridded data at 31 km spatial 126 

resolution. A district-level vulnerability was obtained from the climate vulnerability using a 127 

common framework (CVAF) for India, which uses fourteen indicators to construct the 128 



district-level vulnerability ranking. More information on the district level vulnerability 129 

calculation can be obtained from the CVAF planning in India (Dasgupta et al., 2020). The 130 

vulnerability calculation mainly comprises of socio-economic features and livelihood, 131 

biophysical aspects, and institutions and infrastructure. Since the vulnerability profile for 132 

each district is developed based on the IPCC 2014 ‘ Risk and Vulnerability Framework’, the 133 

current index can be used as a function of risk evaluation (Dasgupta et al., 2020). The 134 

population data for spatial analysis is downloaded for the 1990 and 2020 period from the 135 

Socioeconomic Data and Application Centre (SEDAC). We used Population, Landscape, and 136 

Climate Estimates (PLACE) version 3 (University, 2012) for the 1990 and version 4 137 

(University, 2022) for the 2020 population count. Here the population count is used for 138 

calculating the risk for moist heat and daily maximum temperature. Moreover, we calculated 139 

the change in work performance to extreme moist heat for 1951-1985 (period -I) and 1986-140 

2020 (period -II). The work performance decline from moist heat was obtained following Rao 141 

et al. (2020) and Seppanen et al. (2003).Here, we estimated the percentage decline in 142 

performance using WBGT. The percentage decline is calculated by subtracting fifty from the 143 

twice of average moist heat for the period-I and period-II as shown in Rao et al. (2020). The 144 

initial formulation by Seppanen et al.(2003) was used to understand temperature increase in 145 

an indoor office building. Further, the same formulation for moist heat was used by Rao et 146 

al.(2020), considering it provides a more accurate indicator of heat-health impact and the 147 

assumption that average temperature magnitude was not different from the moist heat indices. 148 

Even though the Seppanen et al. (2003) formulation gives a relative indication of 149 

performance decline from heat stress, reasonable uncertainty can be expected since the 150 

WBGT is derived using temperature, humidity, wind, and radiation.  151 

Finally, we calculated the monsoon-break, wet, and warm spells to disentangle the processes 152 

leading to extreme moist heat. Indian region monsoon-break are associated with the 153 

Continental Tropical Convergence Zone (CTCZ) change leading to below-average 154 

precipitation anomalies (Rajeevan et al., 2010). Various studies used longwave radiation 155 

(Krishnan et al., 2000), precipitation (Annamalai & Slingo, 2001; Mandke et al., 2007; 156 

Rajeevan et al., 2010; Singh et al., 2014), and upper-level winds (Webster et al., 1998) to 157 

identify the monsoon-break during the monsoon. We use precipitation deficit as an indicator 158 

to define monsoon-breaks. First, we calculated the climatological anomaly of the 159 

precipitation during monsoon for the 1951-2020 period. The monsoon-break event is 160 

identified based on precipitation anomalies below -1 standard deviation at least for three 161 

consecutive days. We calculated each spell's frequency and total season duration for the 162 

1951-2020 period. Here frequency and duration for a year are the number of monsoon-breaks 163 

and the cumulative number of consecutive days with negative precipitation anomalies 164 

exceeding -1 standard deviation during a monsoon season. Next, the wet spell is defined 165 

following the same procedure as the monsoon-break but for positive anomalies (precipitation 166 

> 1 standard deviation). Further, a warm spell is calculated from the ambient temperature. 167 

Following several studies, we define a warm spell as a daily maximum temperature 168 

exceeding the 90
th

 percentile for at least three consecutive days (Mazdiyasni & 169 

AghaKouchak, 2015; Panda et al., 2017). Since moist heat is sensitive to temperature, the 170 

percentile threshold can capture sudden variations in the extreme moist heat changes. The 171 

frequency and total duration of the warm spell were obtained for the 1951 – 2020 period.  172 



3. Results and Discussion 173 

3.1 Observed change in extreme monsoon moist heat 174 

 175 

Comparing across overall summer, monsoon, or monsoon-break conditions it is evident that 176 

monsoon-breaks are associated with higher frequency extreme moist heat conditions (Fig. 1a) 177 

in which WBGT > 31 °C.  A six-hour maximum daily average temperature (T2m) and moist 178 

heat were shown in the Figure. 1 (b-g). In contrast to the summer (90 % area > 34 °C T2m) 179 

period, a small fraction of the area is above 34 °C temperature during the monsoon (Fig. 1b-180 

g). Extreme moist heat, in general, is primarily driven by the combined increase of 181 

temperature extremes and atmospheric moisture content (Buzan et al., 2015; Raymond et al., 182 

2021). During summer, a 24.35 °C average moist heat was observed. A mean difference of 3 183 

°C moist heat between break and summer period signifies that outdoor physical labor can 184 

become more challenging during monsoon-break. In addition to the expected increase of 185 

moist heat during the summer and monsoon onset, we observed a significant (p <0.05) 186 

difference in moist heat median and distribution during the monsoon period (Fig. S3). In fact, 187 

the moderate difference in monsoon-break, inferred from Fig. S3, can be due to an overall 188 

increase in relative humidity and temperature. The long break during the monsoon is 189 

associated with trough type circulation, which can lead to a similar temperature value before 190 

monsoon onset (Rajeevan et al., 2010). Relative humidity, by contrast, remains nearly 191 

unchanged during the monsoon period (Ivanovich et al., 2022), which can lead to extreme 192 

moist heat.  Moreover, during monsoon climatological mean 95
th

 percentile of moist heat 193 

shows that 73 % area was affected by severe (> 31 °C) moist heat conditions (Fig. S4). The 194 

extreme moist heat can cause an increase in health impacts in the Indian region. For instance, 195 

the frequency of extreme moist heat (95
th

 percentile) has significantly increased all over the 196 

Indian subcontinent (Fig. S5). In addition, an increase in extreme moist heat intensity 197 

observed over Indian region is more prominent along the Indo-Gangetic plain and southern 198 

peninsula of India. Meanwhile, the frequency of moist heat exceeding the 95
th

 percentile has 199 

significantly increased to 10 days between the 1951 and 2020 period. The mean, extreme, and 200 

frequency estimated for the pre- and post- 1986 periods also changed significantly (Fig. S4-201 

7). Therefore, it is evident that in recent decades extreme moist heat has been rising during 202 

monsoon which can be detrimental to outside physical labor and potential human health.  203 

3.2 Deadly moist heat vulnerability 204 

 205 

The consistent increase in exposed area (~ 42.76 million km
2
) above 31 °C can adversely 206 

impact the labor-intensive work during the monsoon-break (Fig. 2a). In contrast, the summer 207 

has minimal impact on the area exposed to extreme moist heat. Based on our analysis the 208 

region susceptible to extreme moist heat ( > 38 °C) are primarily along the Indo-Gangetic 209 

plain and eastern coastal region (Fig. S8). The prolonged exposure to extreme moist heat 210 

during monsoon-break affected at least 670 million people in India (Fig. 2b). Moreover, 211 

prolonged exposure during moderate work can cause heat stroke and exhaustion, leading to 212 

immediate health hazards  (Liang et al., 2011; Lu & Zhu, 2007). Next, to delineate the 213 

population vulnerability to extreme moist heat, we prepared a district risk map for the Indian 214 

monsoon period. During monsoon, extreme moist heat risk is more prominent over vast land 215 

regions of India (Fig. 2c). Elevated risk along the Indo-Gangetic plain is majorly driven by 216 

irrigation practices (Ambika & Mishra, 2022; Mishra et al., 2020). Further, moisture 217 



advection amplifies the moist heat risk over western India (Roxy et al., 2017). Further, our 218 

analysis indicates the summer moist heat risk is majorly only over the coastal regions (Fig. 219 

S10). With a severe moist heat risk elevated all over the country during the monsoon, the 220 

question arises of how severe extreme moist heat can potentially impact outdoor work. To 221 

address this, we estimated the performance decline for the two-time period (Period-I and 222 

Period-II; method for further information). A significant difference (p<0.05) in work 223 

performance is observed over the Indo-Gangetic plain and southern coastal regions (Fig. S9 - 224 

S11). The extent of extreme moist heat during the monsoon re-emphasizes the need to 225 

understand the drivers of moist heat during this period.  226 

3.3 Drivers of extreme moist heat 227 

 228 

We show that extreme moist heat has become detrimental to physical labor during the break 229 

period. While the extreme moist heat is primarily driven by highly humid and warm 230 

conditions, we observed a significant correlation of monsoon moist heat with global mean 231 

temperature (Fig. 3a). The change in extreme moist heat during the monsoon is driven by 232 

global warming (Fig. 3a). For instance, the observed change in global monsoon temperature 233 

(3.12 °C) is similar to moist heat (2.90 °C) in the Indian region. The warming can increase 234 

the frequency of monsoon-break and warm spells and decline peak monsoon precipitation 235 

during the monsoon season (Panda et al., 2017; Singh et al., 2014) .  236 

To understand the changes in moist heat during monsoon, we quantified the warm and 237 

monsoon-breaks during the 1951-2020 period (Fig. S12). Consistent with previous studies 238 

(Panda et al., 2017; Singh et al., 2014), we observed a similar trend in warm and monsoon-239 

breaks during the monsoon. In contrast to the monsoon-break, the warm spell frequency 240 

changed from 4 to 11 events post-1986 period (Fig. S12). To disentangle the monsoon-break 241 

and warm spell induced changes on moist heat, we estimated anomaly composite for the 242 

break period (Fig. 3b). The monsoon-break and warm spell modulates the moist heat during 243 

the break period. Extreme moist heat is mostly driven by the prolonged warming after the 244 

monsoon-break recovery (Fig. 3b). As we hypothesized, this contrasting increase in monsoon 245 

moist heat is partially attributed to the appearance of heat trough (Rajeevan et al., 2010) and 246 

mid-to-upper tropospheric dryness (Raymond et al., 2021) during the monsoon-break. 247 

The high moist heat during summer can be driven by the enormous latent heat partitioning 248 

from irrigation (Mishra et al., 2020), advection from Arabian sea (Monteiro & Caballero, 249 

2019), and the presence of atmospheric aerosol (Dey et al., 2021). The extreme moist heat in 250 

northern India is associated with upper tropospheric subsidence and high moisture presence 251 

in the lower troposphere (Raymond et al., 2021). The mid tropospheric dryness restricts the 252 

moisture from deep convection, that can lead to extreme moist heat. The increase in relative 253 

humidity compensates for the surface air temperature decline, which indicates increased 254 

atmospheric moisture during the break period (Fig.S13-S18).  However, during June-July, the 255 

warm spell is associated with high relative humidity and surface air temperature, which 256 

implies moist heat is driven by latent heat partitioning (Fig. S14). Further, the increase in 257 

latent heat during warm spells can drive moist heat to extreme levels (Fig. S19 & S8). The 258 

emerging evidence from our analysis suggests that a significant part of the Indo-Gangetic 259 

plain and eastern coastal areas are consistently being exposed to extreme moist heat. 260 



4. Conclusions 261 

We demonstrate that the extreme moist heat has increased in monsoon season and is further 262 

exacerbated during the break period. The overall increase in the area and population exposure 263 

shows that the change in the magnitude of extreme moist heat was majorly driven by global 264 

warming. At a regional scale, the change in synoptic circulation, such as monsoon-break and 265 

warm spells during the monsoon, raise moist heat occurrence. The increase in moist heat can 266 

directly impact about 37 - 46 million people living over the Indo-Gangetic plain. A 267 

widespread increase of moist heat during the monsoon can significantly reduce physical 268 

labor, primarily due to the projected increase in monsoon-break and warm spells during this 269 

season (Mishra et al., 2020). For instance, significant part of the Indo-Gangetic plain and 270 

eastern costal region already witnessed a six-hour exposure to extreme moist heat. The 271 

continuous increase of warm spells in recent decades indicates a continuing trend towards 272 

increasing extreme moist heat, which can become a major health hazard for the coming 273 

decades. 274 

Outdoor labor in the agriculture and construction sectors accounts for moderate to heavy 275 

working conditions in the Indian region (Maiti, 2008; Nag et al., 1980). An alarming increase 276 

in the area experiencing extreme moist heat conditions during monsoon season draws 277 

immediate attention to revising the outdoor working hours. For instance, a 3 °C increase in 278 

global warming can reduce labor productivity by 7 % and contribute to at least 4 % reduction 279 

of GDP in India (Saeed et al., 2022), which leads to inflation in crop prices (de Lima et al., 280 

2021). In recent period, the agricultural sector's transition towards automation decreased 26 281 

million employment between 2011 and 2015 (Bandura & Sword, 2018). Nonetheless, the 282 

agricultural sector in India still has the highest employment entailing outdoor activities 283 

(Bandura & Sword, 2018; Chowdhury, 2011; Parida, 2015; Thomas, 2012). Further, the 284 

recent increasing trend in construction sector employment (Thomas, 2012) contributes to 285 

increasing outdoor activity, leading to further loss of labor capacity. As work performance in 286 

India is projected to decline by 30 to 40 % by the end of the century (Rao et al., 2020), the 287 

rising moist heat during monsoon can be devastating in the future. Overall, our result 288 

suggests that the monsoon break period poses a considerable challenge of prolonged 289 

population exposure to extreme moist heat, which could be exacerbated many folds due to 290 

anthropogenic warming. 291 

 292 
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 452 

 453 

Figure1. Observed extreme moist heat during Monsoon-Break. (a) Normalized frequency 454 

for summer, monsoon and monsoon-break annual mean (six hour mean daily maximum) 455 

during the 1951-2020 period, (b) summer season ( March, April, and May) six hour mean 456 

daily maximum temperature for the same period as(a), (c) same as (b) but for monsoon 457 

season (June, July, August, and September), (d) same as (b) but for monsoon break, and (e-g) 458 

same as (b-d) but for moist heat. The moist heat is derived from daily maximum of six hour 459 

mean wet bulb globe temperature. Here, monsoon season does not include break period.  460 

 461 

 462 



 463 

Figure 2. Moist heat exceedence and risk for India. (a) Accumlated surface area 464 

experiencing 31 °C moist heat exceedance for at least six continuous hours for the 1951-2020 465 

period, (b) population exposed to 31 °C moist heat exceedance for at least six continuous 466 

hours during the 1960-2020 period, and (d) district (official boundary) wise extreme moist 467 

heat risk for the 1951-2020 period. The risk is calculated from the product of vulnerability, 468 

population, and hazard (described in text). The area exposed to exceedence is calculated for 469 

each year. 470 



 471 

Figure 3. Drivers of moist heat extremes in India. (a) Mean temperature and moist heat 472 

anomalies and their trends for the globe and India for the 1951-2020 period and (b) mean 473 

anomaly composite during the break period for the 1951-2020 period. (b) is calculated for the 474 

thirty-day buffer period. The buffer period is calculated from the middle of a break period, 475 

including fifteen previous and ahead days. Here, only a break period (including warm and 476 

monsoon break) of seven days or longer is considered for the calculation. 477 

 478 

 479 

 480 
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