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Abstract  46 

In March 2022, large parts over the north Indian plains including the breadbasket region, and southern 47 
Pakistan began experiencing prolonged heat, which continued into May. The event was exacerbated 48 
due to prevailing dry conditions in the region, resulting in devastating consequences for public health 49 
and agriculture. Using event attribution methods, we analyse the role of human-induced climate change 50 
in altering the chances of such an event. To capture the extent of the impacts, we choose March-April 51 
average of daily maximum temperature over the most affected region in India and Pakistan as the 52 
variable. In observations, the 2022 event  has a return period of ~1-in-100 years. For each of the climate 53 
models, we then calculate the change in probability and intensity  of a 1-in-100 year event between the 54 
actual and counterfactual worlds  for quantifying the role of climate change. We estimate that human-55 
caused climate change made this heatwave about 1°C hotter and 30 times more likely in the current, 56 
2022 climate, as compared to the 1.2 °C cooler, pre-industrial climate. Under a future global warming 57 
of 2°C above pre-industrial levels, heatwaves like this are expected to become even more common (2–58 
20 times more likely) and hotter (by 0-1.5°C) compared to now. Stronger and frequent heat waves in 59 
the future will impact vulnerable groups as conditions in some regions exceed limits for human 60 
survivability. Therefore, mitigation is essential for avoiding loss of lives and livelihood.  Heat Action 61 
Plans (HAPs) have proved effective to help reduce heat-related mortality in both countries. 62 

 63 
Keywords 64 
Extreme event attribution, heatwave, climate change, India, Pakistan 65 
 66 
1. Introduction 67 
 68 

Towards the end of spring of 2022, large parts of South Asia including India and 69 
Pakistan began experiencing prolonged periods of hot weather, which continued into summer. 70 
The month of March was the hottest in India since observed records began  in 1901, according 71 
to the India Meteorological Department (IMD; Madaan, 2022). Temperatures were 72 
consistently 3°C–8°C above the long period average (L.P.A, 1981–2010 climatology), 73 
breaking many decadal and some all-time records in several parts of the country, including the 74 
western Himalayas, the plains of Punjab, Haryana, Delhi, Rajasthan and Uttar Pradesh (IMD, 75 
2022). The states of Odisha, Madhya Pradesh, Gujarat, Chhattisgarh, Telangana and Jharkhand 76 
also experienced heatwaves, in some areas quite severe, with temperatures ranging from 40°C–77 
44°C in the last days of March (IMD, 2022). In Pakistan many individual weather stations 78 
recorded monthly all-time highs in March (Pakistan Meteorological Department (PMD), 79 
2022b). The heatwave conditions persisted into April, reaching a preliminary peak towards the 80 
end of the month. Around 300 large forest fires occurred in India on April 28, a third of these 81 
in the state of Uttarakhand (Rajeevan, 2023). These months were also extremely dry, with 82 
rainfall at 62% and 73.6% below the L.P.A over Pakistan (PMD, 2022a), and 71% and 3% 83 
below L.P.A over India for March and April, respectively (IMD, 2022b, 2022a). By April 29, 84 
almost 70% of India was affected by the heatwave. Temperatures above 49°C were recorded 85 
in Jacobabad in Sindh, Pakistan (Ilyas, 2022), and 30%of the country was gripped by the 86 
heatwave. Towards the end of April and in May, the heatwave extended into the coastal areas 87 
and eastern parts of India (IMD, 2022).   88 

 89 
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Even though inhabitants in these regions are used to high ambient temperatures, temperatures 90 
exceeding 40°C can increase mortality (Desai et al., 2015; Rathi & Sodani, 2021; Rathi et al., 91 
2021). The heatwave coincided with the holy Ramadan period, which affected the coping 92 
capacities of those fasting, particularly in Pakistan, thus exacerbating health impacts. The 93 
updated death toll for the 2022 from India event is 33 (Datt, 2023) which is 8 more than the 94 
initial estimate. The number of heat-related deaths recorded in Pakistan, where temperature 95 
records were broken in several places remain at 65 (Irfan, 2023). A particularly notable effect 96 
is the impact on wheat crops and yields in the wheat-growing regions in the northern plains of 97 
India and Southern Pakistan. Anomalously high temperatures during the wheat harvest season 98 
in these parts (February-May) are known to adversely affect grain filling and cause early 99 
senescence (Lobell et al., 2012), thereby reducing yields (Zachariah et al., 2021). The country 100 
had been aiming for 111.32 million tonnes of wheat for 2022-23; however, the actual 101 
production was 106.84 million tonnes, with the shortfall of ~20% (Arora & Bhardwaj, 2022; 102 
Gupta, 2023).  The export ban imposed by India on wheat due to concerns about domestic food 103 
security reportedly added further stress on global food prices and food security in an already 104 
tight market given the war in Ukraine (AFP, 2022). Atleast 16 glacial lake outbursts in Pakistan 105 
during 2022 was linked to the heatwave as compared to annual average of 5-6  (Fox, 2022; 106 
Janjua, 2022). Fig. 1 illustrates the far-reaching impacts of the 2022 extreme heat event, and in 107 
particular the varied ways in which the heightened (lessened) vulnerability and exposure to the 108 
event is expected to have heightened (lessened) the associated impacts.  109 

 110 
 111 

Fig. 1: Conceptual map of impact pathways during the heatwave. 112 
 113 

 114 
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While heatwaves are not uncommon in this part of the world during the later months of 115 
the pre-monsoon (MAMJ) season (Chaudhury et al., 2000; Sharma & Mujumdar, 2017; Zahid 116 
& Rasul, 2012; IMD Climate Summary, 2015; 2016), an increase in such conditions in the 117 
earlier, March-April period is observed in recent decades (Singh et al., 2021; Zahid & Rasul, 118 
2012). The heatwave during March–April 2022 was characterised by anomalously high 119 
temperatures in large parts of India and Pakistan (Fig. 2(a)) due to the persistence of an  upper 120 
atmospheric high-pressure system (anticyclone) (National Weather Forecasting Centre, 2022a, 121 
2022b). In a recent study Rashid et al. (2022) found that in early summer, La Niña conditions 122 
favour development of anticyclonic systems in this region. This may have been the case during 123 
the 2022 event considering that the Pacific was in the La Niña phase at that time. 124 

Another important feature of this event was the extremely dry conditions that 125 
accompanied the hot weather, thereby making the conditions favourable for enhanced surface  126 
heating. Upper-level synoptic scale systems embedded in the subtropical westerly jet stream 127 
called western disturbances (Hunt et al., 2018, 2019) that are responsible for precipitation 128 
during December-April in northwest India and Pakistan were absent during March and April, 129 
2022, causing a large rainfall deficit during this period (Express News Service, 2022; Fig. 130 
2(b)).Thus, the 2022 heatwave was a dry event, in contrast to the previous, major heatwave of 131 
2015 that occurred later in the season in June, concurring with high humidity levels and 132 
resulting in 3500 direct heat-related deaths in both countries (Saeed, et al., 2021).  133 

 134 
Important concerns raised in the immediate aftermath of the event include (i) whether 135 

and to what extent can the 2022 heatwave be attributed to climate change (ii) whether 136 
heatwaves such as this one will become worse in the future, and (iii) what anticipatory 137 
strategies can be implemented for dealing with such extremes in the future. In this study, we 138 
attempt to answer these questions systematically, using the peer-reviewed protocol for event 139 
attribution (EA) and vulnerability and exposure (V&E) analyses developed by Philip et al., 140 
(2020). In keeping with the  unusual timing of the heat episode, which occurred earlier in the 141 
year, the spatial extent and the associated widespread impacts, we define the event as the 142 
March-April average of daily maximum temperature, over the north Indian plains to the west 143 
of the Himalayas and the lowlands in southern Pakistan to the east of the Sulaiman range 144 
(highlighted in blue in Fig. 2). We choose to focus on the maximum air temperature, as opposed 145 
to a more complex metric for heat stress because (i) historical observations of humidity are less 146 
reliable (and are less available) than temperature measurements in the relevant regions, (ii) the 147 
question of model fidelity becomes more complex when assessing multivariate extreme events 148 
(Cannon et al., 2020; Sippel et al., 2016), and (iii) the concurrence of positive anomalies in 149 
temperature with negative rainfall anomalies (Fig. 2(a-b)) during March-April 2022 over India 150 
and Pakistan suggests that the event exhibits the characteristics of a “dry heatwave”.  151 
 152 
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 153 
Fig. 2: (a) Percentage deviation of observed (CPC) precipitation during Mar-Apr 2022 from the 1981-2010 154 
climatology (%). (b) Observed (CPC) anomaly in March-April average daily maximum temperature for the year 155 
2022 w.r.t. 1979-2022 climatology (°C). The study region is highlighted by the blue polygon.  (c) March-April 156 
average of observed (CPC) maximum temperature for the year 2022 (°C). 157 

 158 
Over South Asia and other global regions, there is high confidence that the likelihood 159 

and intensity of extreme heat has significantly increased (Chakraborty et al., 2018; Dimri, 160 
2019; Donat et al., 2016; Dunn et al., 2020; Rohini et al., 2016; Roy, 2019; Seneviratne et al., 161 
2021; Sheikh et al., 2015; Zahid & Rasul, 2012) and there is robust evidence confirming the 162 
role of human-induced climate change in driving them (Dileepkumar  et al., 2018;  163 
Dileepkumar et al., 2021; Pattanayak et al., 2017; Seong et al., 2021; van Oldenborgh et al., 164 
2018; Wang et al., 2017; Wehner et al., 2016). Nonetheless, at smaller scales, local factors can 165 
further exacerbate or alleviate the event characteristics. In parts of India, warming signals are 166 
attenuated due to the increased concentration of reflective sulfate aerosols in the atmosphere 167 
from burning fossil fuels, and the cooling from agricultural intensification  and high irrigation 168 
activity in the region (Mishra et al., 2020; Thiery et al., 2017, 2020; van Oldenborgh et al., 169 
2018). On the other hand, absorbing aerosols, particularly Black Carbon (BC) that also results from 170 
fuel combustion and crop-burning, is found to intensify high temperatures in these areas (Mondal 171 
et al., 2021). However, it should be noted that the studies that examine the link between 172 
irrigation and regional cooling account for soil moisture at field capacity or as a percentage of 173 
soil saturation, and use annual irrigated areas, thereby overlooking the fact that pre-monsoonal 174 
irrigation activities in India are only minimal when compared to the major monsoon (Kharif) 175 
and winter (Rabi) cropping seasons (Jha et al., 2022; Devanand et al., 2019). Combined, this 176 
evidence suggests that for the specific case of a March–April heatwave over these parts, the importance 177 
of increasing irrigation in suppressing the warming effect of greenhouse gases might be smaller than 178 
previously thought. 179 
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2. Data and Models 180 
 181 
2.1 Observational data 182 
Gridded datasets for daily maximum temperature provided by the National Oceanic and 183 
Atmospheric Administration (NOAA) Climate Prediction Centre (CPC), available at 0.5° x 184 
0.5° resolution for the period 1979–present (from 185 
https://psl.noaa.gov/data/gridded/data.cpc.globaltemp.html) are used as the primary dataset for 186 
observational analysis. Additionally, we use gridded datasets of observed daily maximum 187 
temperature at 1° x 1° resolution for the period from January 1, 1951 to April 30, 2022 provided 188 
by the India Meteorological Department (IMD; available at 189 
https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html) as a 190 
supplementary observational product although its spatial extent is limited to within the 191 
geographical borders of India. Both datasets are interpolated from station data using Shepard’s 192 
interpolation algorithm (Chen et al., 2008; Pai et al., 2014; Srivastava et al., 2009; Xie et al., 193 
2007).  194 
 195 
For studying the effect of climate change on temperature, we assume that the location 196 
parameter of the best-fitted probability distribution for temperature varies with the Global 197 
Mean Surface Temperature (GMST), an accepted measure of anthropogenic climate change 198 
(e.g., Luu et al., 2021; van Oldenborgh et al., 2017). To this end, we use low-pass filtered 199 
estimates of GMST from the National Aeronautics and Space Administration (NASA) 200 
Goddard Institute for Space Science (GISS) surface temperature analysis (GISTEMP, Hansen 201 
et al., 2010; Lenssen et al., 2019) as the covariate. 202 
 203 
2.2. Reliability of the observed datasets for the study region 204 
 205 
Fig. 3(a-b) shows the linear trends in March–April average daily maximum temperature for the 206 
period 1979–2022, from the CPC and IMD datasets, respectively. We find strong positive 207 
trends in this season almost everywhere in the study domain. The CPC dataset exhibits negative 208 
trends further south (Fig. 3(a)) as opposed to no significant trends in the IMD data (Fig. 3(b)). 209 
This suggests the need to consider both datasets in the analysis, to account for the uncertainties 210 
from differences in the trends. Fig. 3(c-d) shows the time series of March–April average daily 211 
maximum temperature, averaged over the study region, from CPC (1979-present; Fig. 3(c)) 212 
and for the Indian part of the region only from IMD (1951-present; Fig. 3(d)). Overall, these 213 
datasets agree with each other in terms of magnitudes, year-to-year variability and the positive 214 
trend between 1979-2022, thus attesting to the homogeneity in the larger region, and further 215 
justifying their use as complementing datasets for the rest of the analysis. 216 
 217 
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 218 
Fig. 3: Trends in observed daily maximum temperature averaged over March-April from the (a) CPC and (b) 219 
IMD datasets, considering the years 1979-2022. Stippling indicates trends that are significant at the 10% 220 
significance level. Time series of area-averaged March-April average of observed daily maximum temperature 221 
along with the ten-year running mean (shown by the green line) based on the (c) CPC and (d) IMD datasets. 222 
 223 
 224 
2.3 Model simulations  225 
We use multi-model ensembles from six climate modelling projects that use different framings 226 
such as Sea Surface temperature (SST) driven global circulation high resolution models, 227 
coupled global circulation models and regional climate models. Specifically, we consider 228 
simulations from the following projects: (i) Half a degree Additional warming Prognosis and 229 
Projected Impacts (HAPPI; Wehner et al., 2018), (ii) Coordinated Regional Climate 230 
Downscaling Experiment (CORDEX-CORE; Teichmann et al., 2021), (iii) IPSL-CM6A-LR 231 
global climate model large ensemble (Bonnet et al., 2021; Boucher et al., 2020), (iv) GFDL 232 
Forecast-oriented Low Ocean Resolution version of CM2.5 (FLOR; Vecchi et al., 2014), (v) 233 
High Resolution Model Intercomparison Project (HighResMIP; Haarsma et al., 2016) and (vi) 234 
Coupled Model Intercomparison Project version 6 (CMIP6; Eyring et al., 2016). More details 235 
about these models and the experiments that are used in this study are provided in 236 
Supplementary Section S1. 237 
 238 
The 1979–2022 period for which the observed data (CPC) is available is chosen for model 239 
evaluation, while the entire length of simulations up to the year 2022 is considered for the 240 
attribution analysis. As with observations, for the SST-forced simulations, we use observed 241 
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GMST as covariate, whereas for the coupled models, we use the corresponding model-based 242 
GMST estimates.  243 
 244 
3. Methods  245 
 246 
We use a standard, peer-reviewed probability-based framework developed for rapid attribution 247 
assessments (Philip et al. 2020), for quantifying whether and to what extent the frequency 248 
and/or magnitude of a class of extremes at least as extreme as the event of interest is attributable 249 
to climate change. Such results can help inform decision-makers in planning 250 
adaptation/mitigation strategies against future impacts. This is complementary to the ‘storyline 251 
approach’ which is also interesting in itself, separating the climate change contributions to the 252 
thermodynamic and the dynamic aspects of the event (Otto et al., 2016; Vautard et al., 2016). 253 
Although the storyline approach is important from a research perspective, this is not easily 254 
automated and therefore, not within the immediate scope of a rapid attribution study. 255 
 256 
For quantifying attribution of the event to climate change, we calculate its return period and 257 
the changes in the event's probability (given by the probability ratio PR) and intensity between 258 
the climate of today (!"#$%) and a hypothetical past before anthropogenic activities began 259 
altering the climate (!"#$&). PR is the ratio of the probability of an event as strong or stronger 260 
than the event of interest in !"#$1	to its probability in !"#$0 and can take values in (0, ∞). A 261 
value of PR more (less) than 1 implies that the event is made  more (less) likely by human-262 
induced climate change whereas PR = 1 suggests that there is no evidence of climate change 263 
in the likelihood of the event. Following the same framing, the change in intensity is the 264 
difference in the variable threshold for a given probability or return period between !"#$% and 265 
!"#$&. See Supp. Fig. S1 for an illustration of how these metrics are calculated.  266 
 267 
In the main method, we fit the data with a non-stationary probability distribution with GMST 268 
as covariate. This distribution is then shifted up to the 2022 climate when the event was 269 
observed and shifted down to the pre-industrial (late 19th century) climate that is 1.2℃	below	270 
the	 2022	 levels (see Global Warming Index; https://www.globalwarmingindex.org). 271 
Additionally, we analyse the expected changes in probability and intensity in a future warmer 272 
climate scenario that is +2.0℃ above pre-industrial GMST levels (or 0.8℃ warmer than 2022 273 
levels) .  274 
 275 
We select the Gaussian distribution for modelling the March-April mean of daily maximum 276 
temperature in the study region. This is a justified choice, on account of  the short length of the 277 
CPC dataset resulting in sparsely populated tails (Philip et al., 2018).  The Gaussian distribution 278 
is assumed to shift due to global warming without changing its shape. This is a first-order 279 
assumption that is made when performing attribution analyses of temperature events. The 280 
assumption has been validated in past studies, using climate models with long length of data 281 
by checking the past and present distributions from the non-stationary fits against distributions 282 
of the past and present climate in independent time slices (e.g., Kew et al. 2019; van 283 
Oldenborgh et al. 2018; Uhe et al. 2017). The shift is factored into the analysis by linearly 284 
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varying the location parameter (5) of the distribution with (low-pass filtered) global mean 285 
surface temperature while holding the scale parameter (6) constant, as shown in Eq. (1). 286 
 287 

5 = 58 + :; and 6 = 68  (1) 
 288 
where ; is the 4-year smoothed GMST anomaly, and : is the trend.  289 
This framework is detailed in the peer-reviewed World Weather Attribution protocol 290 
(https://www.worldweatherattribution.org/pathways-and-pitfalls-in-extreme-event-291 
attribution; Philip et al., 2020; van Oldenborgh et al., 2021) and has been successfully applied 292 
in recent studies (Ciavarella et al., 2021; Luu et al., 2021). 293 
 294 
In addition to the above method, we use simulations from three fixed climate model 295 
experiments from the HAPPI project- one for current conditions (Hist), and two counterfactuals 296 
for the world that would have been in the absence of anthropogenic emissions (Nat) and a 297 
+2.0℃ warmer world with adjusted concentrations of CO2, other greenhouse gases, and 298 
aerosols. For the observed return period (or probability) of the event in the 2022 climate, we 299 
first obtain the magnitude in the Hist climate for  each of the models.  Thereafter, the return 300 
period of this magnitude in the counterfactual scenario is calculated  for the respective models. 301 
The PR is the ratio of the probability (or return period) of the event in +2.0℃ warmer world to 302 
that in Hist. The intensity change attributable to climate change is the difference between these 303 
event magnitudes.  304 

Finally, results from observations and the models that pass the validation tests are synthesised 305 
into a single attribution statement. See Philip et al., (2020), Ciavarella et al., (2021) and Li & 306 
Otto, (2022) for details.  307 

 308 

4. Results and Discussions 309 

4.1 Observational analysis: trend and return period 310 

The left panels in Fig. 4 show the response of area-averaged March-April mean daily maximum 311 
temperatures to the global mean surface temperature anomaly, for the CPC and IMD datasets. 312 
Despite the limited length of the data series, there are clear trends in temperature for both 313 
datasets (Fig. 4(a,c)) that suggest warming of the late spring and early summer in the study 314 
region consistent with global warming. Fitting these time series to a Gaussian distribution 315 
shifting with GMST (Section 3) allows us to calculate the return period of the 2022 temperature 316 
in the 2022 climate as well as a past, 1.2°C cooler climate, along with the change in intensity 317 
of the event between these climates for a quantitative appraisal of the role of climate change in 318 
causing this event. 319 
 320 
The right panels (Fig. 4(b,d)) show the return period curves in the present, 2022 climate and 321 
the past climate when the global mean temperature was 1.2°C cooler, for the two datasets, 322 
along with their confidence intervals (CI). The two-sided 95% CI for these curves is estimated 323 
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using a non-parametric bootstrap, by repeating the fit 1000 times with (variable, covariate) 324 
pairs drawn from the original series, with replacement. Although the CPC dataset has high 325 
resolution over the study region, it is too short to estimate the return period with confidence. 326 
Therefore, we compare these estimates with those based on IMD dataset for the part of the 327 
study region in India. Upon fitting Gaussian distributions, the best estimates of the return period 328 
of the 2022 event in the current climate emerges as 1-in-130 year (uncertainty:1-in- 8000 to 1-329 
in-20 year) for the study region based on CPC (Fig. 4(b)), and 1-in-103 year (uncertainty:1-in- 330 
1250 to 1-in-25 year)  for the region over India based on IMD (Fig. 4(d)) and 1-in-110 year 331 
(uncertainty:1-in- 4500 to 1-in-15 year)  for the same region, again , based on CPC (Table S5). 332 
These numbers imply that, based on available observed data, the March-April average 333 
maximum temperature in the study region during 2022 is best defined as a 1-in-100 year event 334 
in the current climate. 335 
 336 
This event would have been highly unlikely in a world without climate change, with very high 337 
return periods of 20,000 and 1,500 years with wide uncertainty bounds (see Supplementary 338 
Table S5), in the CPC and IMD datasets, respectively, indicating that climate change has 339 
increased the chances of the event. However, these numbers are many times higher than the 340 
length of the observational data (44 years long for CPC and 73 for IMD)  and the 2022 value 341 
is an outlier in both the 1.2°C cooler and 2022 climates. Therefore, we cannot rely on the 342 
precision of these numbers. A possible reason for these high numbers and the large 343 
uncertainties in the return period of the 2022 event could be due to the Gaussian distribution 344 
not being able to model the tail of the data distribution as seen in Fig. 4(b,d).  The large 345 
uncertainties are also reflected in the PR and △I estimates from the datasets. The best estimate 346 
for PR between the 2022 climate and the 1.2°C cooler climate is 155 (0.9 to 1,000,000 with 347 
95% CI; Table 1) and 15 (0.7 to 600; Table 1), from the CPC and IMD datasets, respectively, 348 
with change in intensity (△I) estimates of 1.7°C (-0.019°C ... 3.7°C) and 0.92°C (-0.12°C ... 349 
2.0°C), respectively (Table 1). These bounds encompassing no change suggests that the trend 350 
may not yet have emerged from the noise in the observations even though the probability has 351 
changed. This is partially due to the short length of observations resulting in larger sampling 352 
uncertainties, along with other confounding factors including natural variability.  Therefore, 353 
we repeat this analysis climate models as well, as discussed in Section 4.2. 354 
 355 
For testing the reliability of the Gaussian assumption, we separately fitted a Gaussian model 356 
and a Generalized-Pareto distribution (GPD; with a threshold of 90% of the data) to simulations 357 
of a multi ensemble climate model with long runs- the IPSL-CM6A-LR ensemble (see Section 358 
2.2 and Supplementary Section S1 for more details about the model), Fig. S9 shows the two 359 
fits- the Gaussian and the GPD (with a threshold of 90% of data) distributions. Although the 360 
the best estimate of the return period shows the same order of magnitude as with the 361 
observations (~100 years), there is a subtle departure from the data in the fitted Gaussian 362 
distribution far tail and the fit does not capture the curvature of the data, while this is captured 363 
by the GPD distribution.  As a result, interestingly, this induces a large change in the probability 364 
ratio, with a best estimate of about 50 in the Gaussian case and 3300 in the GPD case. The 365 
results in terms of intensity changes are however not much changed (~1°C). This result 366 
suggests a potential underestimation of the PRs by the Gaussian model for temperatures. 367 
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 368 
 369 
 370 

 371 
Fig. 4: (a) Response of March-April mean daily maximum temperature averaged over the study region estimated 372 
from CPC records to change in global mean temperature. The thick red line denotes the time-varying mean, and 373 
the thin red lines show 1 standard deviation (s.d) and 2 s.d above. The vertical red lines show the 95% confidence 374 
interval for the location parameter, for the current, 2022 climate and the hypothetical, 1.2°C cooler climate. The 375 
2022 observation is highlighted with the magenta box. (b) Return periods for the 2022 climate (red lines) and the 376 
1.2°C cooler climate (blue lines with 95% CI), based on CPC data. (c) same as (a), but using IMD data. (d) same 377 
as (b), using IMD data. 378 
 379 

4.2 Climate model analysis  380 

We repeat the above analyses based on observed data with temperature simulations from the 381 
participating models (discussed in Section 2.2) for estimating the model-based probability 382 
ratios and intensity changes. First, we evaluate the model simulations against observations for 383 
their suitability for the attribution analysis. The evaluation period considered is 1979-2022, the 384 
period common to the CPC and IMD observational datasets. The climate models are evaluated against 385 
the observations in their ability to capture- 386 
 387 
1. Seasonal cycle:  The seasonal cycle of the daily maximum temperature for the study region 388 
from the climate models are qualitatively compared against the cycle from CPC dataset. A 389 
model is labelled as ‘good’ if the model-based cycles capture the shape and the seasonality of 390 
the observed seasonal cycle. It is labelled ‘reasonable’ if either the peaks are not well-defined 391 
or if the seasonality is out of phase. If the peaks are ill-defined and the seasonality is out of 392 
phase, the model is labelled as ‘bad’. 393 
 394 
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2. Spatial pattern: The spatial pattern of March-April average maximum temperatures for a 395 
larger region spanning 5°N-40°N, 60°E-100°E and encompassing the study region (Fig. 2) 396 
from the model simulations are qualitatively compared with the pattern based on observed data. 397 
Depending on how well the models are able to replicate the observed patterns- i.e. the north-398 
south gradient in temperatures and patterns due to higher temperatures in arid/semi-arid regions 399 
(Fig. S2 (b)) - completely, at least in part or poorly, these are classified as ‘good’, ‘reasonable’ 400 
or ‘bad’, respectively. 401 
 402 
3. Distribution parameters: We check if the parameters of the fitted statistical distribution 403 
(Gaussian shifting with GMST for this study) from the model simulations are compatible with 404 
those from observations. A model is labelled as ‘good’ if the model parameter range lies within 405 
the observational range (95% confidence interval), ‘reasonable’ if the ranges overlap, and 406 
‘bad’, if they diverge. 407 
 408 
A model is given an overall rating of ‘good’ if it is rated ‘good’ for all three characteristics. If 409 
there is at least one ‘reasonable’, then its overall rating will be ‘reasonable’ and ‘bad’ if there 410 
is at least one ‘bad’. Supplementary Table S6 summarises the model evaluation results for 66 411 
model simulations from the various experiments. The seasonal cycles and spatial patterns for 412 
the observed dataset and the participating models that are used for the model evaluation are 413 
shown in Supplementary Section S2, Figs. S2-S8. 414 
24 out of the 66 models that have an overall rating of ‘good’ (highlighted in green in Table S5) 415 
and are selected for the attribution analysis. Out of these, there are 22 models that have 416 
simulations for the past 1.2oC cooler climate and 19 models that cover the future 2oC warmer 417 
world. 418 
 419 
Table 1(a) (highlighted in blue) shows the PR and ΔI of the 1-in-100 year event for  the present 420 
climate, relative to a 1.2oC cooler climate, based on the observations and the 22 selected 421 
models. Table 1(b) (highlighted in red) shows these values for a future 2oC warmer world 422 
relative to the present climate, from the 19 models. The individual model estimates of the 423 
change in event likelihood and event intensity are strongly correlated to each other i.e., models 424 
showing a large increase in the intensity of 100-year hot events also have correspondingly large 425 
probability ratios and vice versa (see supplementary Fig. S10). In the next Section, we 426 
synthesize the results for observations and the models that pass validation.427 
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Table 1: (a) Probability ratio and change in intensity when compared with a 1.2oC cooler climate, for models that passed the validation tests. (b) Projected probability ratio 428 
and change in intensity when compared with a 2oC warmer climate, for models that passed the validation tests. 429 

 (a) Present vs. past  (b) Future vs. present 

Model / Observations Probability ratio PR  Change in intensity ΔI [OC] Probability ratio PR  Change in intensity ΔI [OC] 

CPC (1979-2022) 1.5e+2 (0.94 ... 1.2e+6) 1.7 (-0.019 ... 3.7) - - 

IMD (1951-2022)- India only 15 (0.70 ... 6.0e+2) 0.92 (-0.12 ... 2.0) - - 

ECEARTHr12-COSMOcrCLIM rcp85 (1) 35 (3.0 ... 1.7e+3) 1.6 (0.53 ... 2.7) 7.0 (5.0 ... 11) 1.1 (0.95 ... 1.2) 

MPIr1-COSMOcrCLIM rcp85 (1) 1.1e+2 (11 ... 2.8e+3) 1.7 (0.87 ... 2.4) 11 (7.0 ... 19) 1.3 (1.2 ... 1.4) 

NORESMr1-COSMOcrCLIM rcp85 (1) 14 (0.70 ... 3.5e+2) 1.2 (-0.16 ... 2.4) 6.0 (4.0 ... 9.0) 0.97 (0.84 ... 1.1) 

FLOR (5) 6.2e+2 (3.6e+2 ... 1.2e+3) 2.4 (2.2 ... 2.5) 13 (11 ... 16) 1.6 (1.5 ... 1.6) 

HAPPI-CCCMA happi2.0 (10) - - 15 (14 ... 17) 1.3 (1.2 ... 1.4) 

HAPPI-ETH happi2.0 (10) 89 (48 ... 1.8e+2) 1.6 (1.4 ... 1.8) 11 (10 ... 13) 1.3 (1.2 ... 1.4) 

HAPPI-NCC happi2.0 (10) - - 15 (13 ... 16) 1.6 (1.5 ... 1.7) 

HAPPI-MIROC happi2.0 (10) 8.4 (5.4 ... 13) 0.87 (0.68 ... 1.1) 9.8 (8.6 ... 11) 1.3 (1.1 ... 1.4) 

ACCESS ESM1-5 Historical+SSP245 (1) 1.1 (0.27 ... 4.7) 0.061 (-0.58 ... 0.68) - - 

INM-CM4-8 Historical+SSP245 (1) 1.2e+2 (12 ... 1.9e+3) 1.4 (0.78 ... 2.0) - - 

ACCESS-ESM1-5 (40) 2.1 (1.6 ... 2.6) 0.30 (0.20 ... 0.41) 3.0 (2.8 ... 3.2) 0.46 (0.43 ... 0.49) 

BCC-CSM2-MR (1) 34 (4.4 ... 2.3e+2) 1.3 (0.54 ... 2.1) 10 (5.8 ... 18) 0.93 (0.70 ... 1.2) 

CMCC-ESM2 (1) 12 (3.0 ... 55) 0.83 (0.38 ... 1.3) 17 (9.3 ... 33) 0.93 (0.76 ... 1.1) 

EC-Earth3 (6) 8.3 (5.2 ... 13) 0.80 (0.62 ... 0.98) 4.7 (4.0 ... 5.5) 0.59 (0.53 ... 0.66) 

EC-Earth3-CC (1) 4.1 (1.7 ... 9.7) 0.56 (0.21 ... 0.92) 4.1 (2.8 ... 6.2) 0.57 (0.41 ... 0.74) 

EC-Earth3-Veg (7) 9.0 (6.0 ... 14) 0.82 (0.66 ... 0.98) 4.4 (3.8 ... 5.1) 0.57 (0.51 ... 0.63) 

EC-Earth3-Veg-LR (3) 13 (5.6 ... 29) 0.95 (0.63 ... 1.3) 4.5 (3.5 ... 6.0) 0.61 (0.50 ... 0.72) 

INM-CM4-8 (1) 7.0 (1.2 ... 36) 0.62 (0.058 ... 1.2) 8.6 (4.8 ... 15) 0.68 (0.49 ... 0.88) 

INM-CM5-0 (1) 4.3e+2 (42 ... 4.3e+3) 1.6 (1.0 ... 2.1) 28 (14 ... 61) 0.99 (0.80 ... 1.2) 

UKESM1-0-LL (5) 17 (9.3 ... 32) 0.96 (0.73 ... 1.2) 6.7 (5.5 ... 8.2) 0.68 (0.62 ... 0.74) 

IPSL-CM6A-LR (32) 58 (36 ... 88) 1.4 (1.3 ... 1.6) 6.5 (5.5 ... 7.3) 0.94 (0.84 ... 1.0) 

CNRM-CM6-1-HR HighResMIP (1) 2.3e+2 (9.9 ... 2.1e+4) 2.5 (1.1 ... 3.9) - - 

HadGEM3-GC31-HM HighResMIP (1) 38 (2.1 ... 9.9e+2) 1.4 (0.31 ... 2.4) - - 

HadGEM3-GC31-MM HighResMIP (1) 3.8e+2 (20 ... 2.6e+4) 2.4 (1.1 ... 3.7) - - 

430 
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4.3 Hazard synthesis 431 

Here we present the synthesis for PR and ΔI for the present compared to the 1.2°C cooler 432 
climate (Fig. 5(a-b)) and the future vs. present (Fig. 5(c-d)). The best estimates of the PR range 433 
from 1.1 in the ACCESS models to more than 600 in FLOR. The change in intensity goes from 434 
almost no change to more than +2°C. Both are compatible with the highly uncertain 435 
observational analysis; therefore, we can use the weighted mean to indicate the main result of 436 
this study. Our synthesis concludes an event probability ratio of 30 (2 - 470) (Fig. 5(a)) and a 437 
corresponding change in intensity of 1°C (0.2°C - 2.1°C) (Fig. 5(b)).  438 
The change in PR for a further 0.8°C global temperature increase is 8 (3-12) (Fig. 5(c)) and an 439 
additional increase in intensity of 1°C (0.3°C - 1.7°C) (Fig. 5(d)). The simulations based on 440 
the HAPPI ensemble are centred at 1°C warming for the present day climate instead of 1.2°C 441 
thus they show changes in likelihood and intensity for an additional 1°C of global warming 442 
rather than 0.8°C. Nevertheless, the discrepancy between the individual models is smaller than 443 
for the changes up until today.  444 
 445 
Part of the uncertainties in the estimates from the participating models arise from differences 446 
in the aerosol representation and the GHG and non-GHG forcings in the individual models. 447 
For example, the PR and intensity change of the ACCESS-ESM1.5 model in Fig. 5 are 448 
relatively low. This may be due to the relatively large global-mean aerosol indirect effect for 449 
that model over the historical period that results in smaller historical warming as compared to 450 
the other models in the CMIP6 ensemble considered in the study (Wang et al., 2021). The 451 
differences in external forcing (SSP245 and SSP585) that are used to obtain the future scenario 452 
runs in the participating models also contribute to uncertainties in PR and intensity changes for 453 
the future (Fig. 5(c-d)). Furthermore, the choice of a Gaussian fit rather than a GPD might have 454 
led to an underestimation of the changes in a relatively rare event such as this one 455 
(Supplementary Section S3; Fig. S9). We therefore conclude that our overarching results are 456 
conservative and the true influence of human-caused climate change is towards the higher end 457 
of the estimated changes in likelihood. On the other hand, the central estimate of △I  that the 458 
2022 is made ~1°C warmer due to climate change is consistent across both observations and 459 
models, and consistent with statements made in other dry regions (Daramola & Xu, 2022; Li, 460 
Chen, & Li, 2019), thus lending high confidence to our findings.   461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
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 469 
Fig. 5 (a) Synthesis of intensity changes (ΔI) and (b) probability ratios (PR) when comparing the 100-year event 470 
in today’s climate with a 1.2oC cooler climate. (c) same as (a) and (d) same as (b) when comparing the 100-year 471 
event in today’s climate with a 0.8oC warmer climate (equivalent to 2oC of global warming). 472 
 473 
 474 

 475 
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 476 

5 Vulnerability and exposure 477 

The overall risk associated with the heatwave event is governed by the hazard as well as the 478 
vulnerability and exposure (V&E) factors that make people and human systems more or less 479 
susceptible to the impacts of the prolonged high temperatures. Heatwaves are “silent disasters” 480 
because their impacts are difficult to ascertain. The 2022 heatwave  is estimated to have led to 481 
around 98 deaths in India and Pakistan (Datt, 2023; Irfan, 2023). However, heat-related deaths 482 
are often undercounted across the globe; therefore the actual toll is likely higher (Ghumman & 483 
Horney, 2016). A comprehensive review of the V&E factors that accompanied the 2022 484 
heatwave is necessary for informing timely interventions and long-term strategies to address 485 
vulnerability and improve preparedness for avoiding future impacts in these regions. We carry 486 
out this review for five key areas revolving around demographics, informality in urban areas, 487 
heat action planning and preparedness, agriculture and other compounding risks.   488 

5.1 Demographics and vulnerable groups  489 

The effects of the 2022 heatwave were primarily felt over northwestern India and Pakistan, 490 
where some of the largest and densest urban areas in the world are situated (The Global 491 
Statistics, 2022; ul Haque et al., 2021). Between 1983 and 2016, urban population exposure to 492 
extreme heat is reported to have increased by approximately 200%, globally (Tuholske et al., 493 
2021). Three of ten cities that experienced the largest increase during this period are in our 494 
study region, namely, New Delhi, Karachi, and Lahore.(Tuholske et al., 2021). Although 495 
anybody can feel the impacts of extreme heat, vulnerable groups of people are affected 496 
disproportionately. The most affected groups include outdoor workers such as farm workers, 497 
labour migrants, low-income households, homeless people, daily wage earners, construction 498 
workers, street vendors, street sweepers and rickshaw drivers (Climate & Development 499 
Knowledge Network, 2016; Mazdiyasni et al., 2017), the elderly and young children, people 500 
with chronic conditions (cardiovascular, respiratory, and cerebrovascular), people with pre-501 
existing mental illness, and people with cognitive and/or physical impairments (Carleton, 2017; 502 
Mazdiyasni et al., 2017; Swain, Bhattacharya, Dutta, Pati, & Nanda, 2019). Tourists, travellers 503 
and migrants are prone to additional risks due to missing warnings in local language, not 504 
knowing how to access cool spaces, or being less accustomed to the local temperatures (Hari 505 
et al., 2021). 506 
 507 
 508 
 509 

5.2 Informality in urban areas 510 

Approximately 10 million Karachi residents and half of New Delhi’s population live in 511 
informal, low-income settlements (Pabani, 2021; World Population Review, 2022) with 512 
building structures and roof types that significantly intensify indoor temperatures during the 513 
day (Mahadevia et al., 2020; Mukhopadhyay et al., 2021). In the absence of adequate cool roof 514 
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retrofits(Vellingiri et al., 2020), the urban poor rarely get respite from the extreme heat (Weitz 515 
et al., 2022), especially those who spend most of their time indoors, such as the elderly, women, 516 
and people with physical impairments. The elderly low-income residents are up to 4.3 times 517 
more likely to be exposed to hazardous heat than their rural counterparts (Weitz et al., 2022). 518 
Moreover, tin roofs in such settlements are known to further exacerbate the urban heat island 519 
effect (Padmanaban, 2021).  Half of India’s workforce is estimated to be outdoor labourers 520 
(Jha & Kishore, 2022). Therefore, it is not surprising that India faces the largest impacts of heat 521 
on heavy manual labour such as agriculture and construction, with over 101 billion working 522 
hours lost per year (out of the global sum of 228 billion; Parsons et al., 2021). Under future 523 
warming, both India and Pakistan are amongst the top ten countries projected to experience the 524 
largest population-weighted labour losses, together with China, Bangladesh, Indonesia, Sudan, 525 
Vietnam, Nigeria, Thailand and Philippines (Parsons et al., 2021). 526 

The urban poor — in particular, daily wage earners who work outside are the worst-off during 527 
heatwaves, due to the effects of direct sunlight exposure being compounded by air pollution, 528 
limited access to healthcare facilities and inadequate mitigation practices (Anwar et al., 2022; 529 
Bakhsh et al., 2016; Barthwal et al., 2022). At least four people found dead on the streets in the 530 
city of Nagpur in India, in April 2022, were suspected to be heat stroke-related fatalities 531 
(Mascarenhas, 2022). The urban heat island effect, which can exacerbate heat by up to 12°C 532 
locally, also contributes to the exposure risk among the urban poor (Razzak et al., 2022). For 533 
peri-urban residents, the risk of exposure is largely due to the long-distance commute to work 534 
by foot, two-wheelers or public transportation, thus limiting their options to mitigate (Bakhsh 535 
et al., 2016). Finally, it is important to note that this group had already been reeling under the 536 
effects of the COVID-19 pandemic (Raju et al., 2021) before the 2022 extreme heat episode. 537 
The impacts of the heatwaves such as the 2022 event could therefore make the pandemic 538 
recovery even longer, highlighting the need for anticipatory humanitarian approaches 539 
(Thalheimer et al., 2022). 540 

5.3 Heat Action Planning, Preparedness, and Response 541 

Given the propensity for heatwaves in the populous South Asian regions, the countries have 542 
implemented an arsenal of early warning systems and early action programmes at local to 543 
regional scales for mitigating impacts (Das & Smith, 2012; Vahlberg et al., 2022). For example, 544 
the South Asia Heat Health Information Network (SAHHIN; 545 
https://climateandcities.org/about-us/south-asia-heat-health-information-network/#) was 546 
developed in 2020 to share lessons and increase capacity to deal with extreme heat across South 547 
Asia. Both India and Pakistan are making significant and rapid strides to combat extreme heat 548 
in particular, especially in recent decades. 549 

5.3.1 Heat Action Planning, preparedness, and response in India 550 

In the aftermath of the catastrophic heatwave in 2010, Ahmedabad in India became the first 551 
South Asian city to implement a Heat Action Plan (HAP); the city is now estimated to avoid 552 
approximately 1,190 heat-related deaths annually (Hess et al., 2018). Since then, over 120 553 
Indian cities and states have developed HAPs that focus on building public awareness and 554 
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capacity among health professionals, issuing safety alerts for residents, fostering inter-agency 555 
coordination, and enabling adaptive measures for vulnerable groups that include adopting cool 556 
roof technology, increasing green coverage in urban areas, assembling roofing structures at 557 
markets, and installing drinking water stations along highways (Natural Resources Defense 558 
Council, 2022; Padmanaban, 2021). Aimed at mitigating the increasing temperatures’ toll on 559 
public health and building consensus around its management, India’s Ministry of Health and 560 
Public Welfare (with support from other government departments and non-governmental 561 
actors) developed the National Action Plan on Heat Related Illnesses (National Centre for 562 
Disease Control, 2021). Launched in 2021, it contains guidelines for the government, health 563 
care facilities and policymakers on managing and reporting heat-related illnesses. Stocktaking 564 
basic equipment and medicine and ensuring sufficient staffing are some of the recommended 565 
actions when faced with extreme heat. 566 

In anticipation of the 2022 heat season, the National Disaster Management Authority (NDMA) 567 
held a national workshop on heat preparedness, mitigation and management, in March (Natural 568 
Resources Defense Council, 2022). In a first, the IMD implemented an impact-based early 569 
warning system, providing accessible and actionable information for increasing heat risk 570 
preparedness and coping capacity (Natural Resources Defense Council, 2022). The agency has 571 
been disseminating timely information to the public since 2020 via their mobile phone 572 
application “Mausam”. Thus, there was an increased awareness of the weather and warnings 573 
this year (Natural Resources Defense Council, 2022). Bulletins from the Ministry of Health 574 
and the Indian Institute of Public Health Gandhinagar (IIPHG) advised people to wear 575 
lightweight clothing of natural fibres, avoid exposing one’s head to direct sunlight and seek 576 
care if they recognize any signs of heat-related illness (PTI, 2022). Preparing for a heavy 577 
inflow, hospitals across India set up special wards for heat-related illnesses, rolled out capacity-578 
building training and sensitisation on heat risk and symptoms for medical staff, and were 579 
instructed to ensure uninterrupted electricity supply to guarantee the functioning of cooling 580 
devices (Mascarenhas, 2022; N. Singh, 2022; TN National Desk, 2022). Cooling centres and 581 
rooms were established in primary health centres, hospitals, places for worship, malls and other 582 
public buildings to provide visitors with drinking water, health care and respite from the heat, 583 
while fans and cooling structures were installed in schools (Lal, 2022). 584 

5.3.2 Heat Action Planning, preparedness, and response in Pakistan 585 

The Start Network - a conglomeration of agencies from across the world for aiding 586 
humanitarian action, has a national disaster risk financing programme for Pakistan 587 
(https://startnetwork.org/disaster-risk-financing-pakistan) that funds early action in 588 
anticipation of heatwaves. Activities include training community leaders in disaster 589 
preparedness and first aid, opening shelters in schools and other communal spaces, spreading 590 
public awareness on heatstroke prevention and identification of symptoms, establishing 591 
helplines, and setting up health emergency camps that provide cold drinking water and 592 
medicines (Start Network, 2021). Cities covered by the programme include Karachi, Larkana, 593 
Multan, Sibi, Nawabshah and the city of Jacobabad which incidentally recorded the region’s 594 
maximum temperature during the 2022 heatwave, at 49°C on 30 April 2022 (Bhatti, 2022). 595 
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Following the devastating 2015 heatwave that led to over 1,200 deaths Pakistan (Rafferty, 596 
2016) with more than 65,000 heatstroke-related hospitalisations in Karachi alone (Glum, 597 
2015), Karachi and other urban areas across Pakistan have developed HAPs (Commissioner 598 
Karachi, n.d.) that outline the immediate actions following a heatwave warning, such as 599 
establishing cooling centres in places for worship, malls and other public buildings, increasing 600 
staffing at healthcare centres to accommodate a rise in patient influx and redistributing more 601 
ambulances to densely populated areas (Commissioner Karachi, n.d.).   602 
Adaptive measures such as increased water consumption, staying in the shade or bathing more 603 
frequently, is paramount for reducing heat-related mortality in urban Pakistan (Bakhsh et al., 604 
2018). A Start Network evaluation on early action in response to a 2021 heatwave in the city 605 
of Sibi showed that most people tend to apply these strategies, except those for whom it would 606 
negatively impact livelihoods, such as rickshaw drivers or construction workers (Guyatt & 607 
Khan, 2022). This dilemma to choose between safeguarding one’s health and sustaining one’s 608 
livelihood is characteristic of the most at-risk populations’ exceptional vulnerability. In 609 
October 2021, as Pakistan updated its Nationally Determined Contributions (NDC), the 610 
government announced that it is developing a Cooling Action Plan to be adopted by 2026 611 
(United Nations Climate Change, n.d.). The plan will identify key cooling needs and outline 612 
sustainable actions for addressing those needs, both current and prospective.  613 

In response to the 2022 heatwave, public health authorities in Pakistan instructed health units 614 
to open “heatstroke centres'' to help the public connect with the authorities, while also 615 
reminding people to avoid direct sunlight and increase their water consumption (A. Saeed, 616 
2022; Toheed, 2022). Although the most rigorous action seems to have been taken in May 617 
(Web Desk- Geo News, 2022), numerous trainings were rolled out in April. Between 18 and 618 
29 April, the Provincial Disaster Management Authority (PDMA) Sindh and Pakistan Red 619 
Crescent Society (PRCS) jointly offered heat emergency training to traffic police and line 620 
department officials as well as representatives of civil society organisations.  621 

5.4 Agriculture 622 

The agriculture and related sectors are the major contributors to the national economies of India 623 
and Pakistan, with 60% and 40% of the respective population working in this sector (Statista, 624 
2022b, 2022a). The 2022 heatwave hit at a critical time, during the final period of the growing 625 
season for winter crops such as wheat and barley, and also affected summer crops such as 626 
pulses, coarse cereals, oilseeds, vegetables and fruits.  627 
 628 
India, the second-largest wheat producer globally, is also a major consumer. Farms in the 629 
northern states of Punjab and Haryana of India that account for 25% of the country’s total 630 
wheat production (United States Department of Agriculture, 2022) and Uttar Pradesh lost an 631 
estimated 10%-35% of crop yields due to the heatwave (Ghosal, 2022), affecting local market 632 
prices, that rose to 15% in some regions (Arora & Bhardwaj, 2022). Global food prices also 633 
reached their highest level ever recorded in March 2022, with a 40% rise since the beginning 634 
of the year (FAO Food Price Index, 2022), due to the Russian invasion of Ukraine, a major 635 
wheat producer (Parija & Bhatia, 2022) and increasingly high fertiliser prices this year (Meyer, 636 
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2022). Therefore, the Indian government was forced to retract its initial plan to boost its wheat 637 
exports to meet the global wheat shortages and to impose a ban on export, to protect India’s 638 
internal food market — further affecting the global wheat market and food-dependent countries 639 
(Hoskins, 2022). In Pakistan, exportable mango varieties have seen a 50% loss and 30% in 640 
local varieties, due to the extreme heat, which was followed by a pest attack, with yields per 641 
acre falling from 40 to 28 maunds (1 maund=37.32kg) (Ilyas, 2022). 642 
 643 
Although advisories were sent to farmers to ensure frequent irrigation for the crops (e.g., 644 
Government of India, 2022), functional electricity and water systems are also important during 645 
periods of extreme heat. At present, there is an urgent need for research, public policies and 646 
investments to focus on adaptation strategies to minimise the future impacts of extreme heat 647 
on agriculture. 648 

5.5 Compounding risks  649 

In addition to the direct impacts of extreme heat on public health, agriculture, socio-economic 650 
factors and urban planning discussed above, there are compounding risks such as cascading 651 
hazards and energy availability. Heatwaves are known to create cascading hazards, leading to 652 
secondary events of significant impact (Pescaroli & Alexander, 2014; Tilloy et al., 2019; Vogel 653 
et al., 2020). For example, increased temperatures and evapotranspiration from heatwaves can 654 
result in both water shortages and floods from meltwater. Spikes in energy demand during 655 
heatwaves can result in shortages, thereby limiting means for cooling and irrigation. 656 
 657 
In northern Pakistan and India, rapidly melting glaciers are putting thousands at risk of glacial 658 
lake outburst floods (GLOFs) and landslides as well as to decreased water supplies. GLOF 659 
risks were highlighted by the Pakistani government in their heatwave response (Government 660 
of Pakistan, 2022) and a large one occurred on 7 May 2022, wiping out a bridge, houses and 661 
inundating farmland in the Hunza valley (Davies, 2022). Heatwaves also increase the risk of 662 
forest-fires (Jain et al., 2021). On April 27th, the Forest Survey of India reported 300 active 663 
large forest fires, a third of which were in the Uttarakhand province (NASA Earth Observatory, 664 
2022). In Delhi, a massive landfill caught fire for at least 9 days (Express News Service, 2022). 665 
Across Pakistan, multiple farm and village fires have been reported throughout April, resulting 666 
in loss of lives and properties (Provincial Disaster Management Authority, 2022; The Third 667 
Pole, 2022). In turn, these fires have a significant impact on air quality, which increases 668 
morbidity and mortality of extreme heat events. April was reported as the worst month for air 669 
quality in Delhi since 2015 - the city recorded 29 days of “poor air quality” (200-300 Air 670 
Quality Index, AQI) (Paljor, 2022). Throughout March and April, Lahore consistently 671 
measured AQI corresponding to levels “unhealthy for sensitive groups” (151-200) and 672 
“unhealthy” (201-300) (Environment Protection Department, 2022). About 70% of India’s 673 
electricity generation comes from coal (IEA, 2021), with about 60% of energy provision from 674 
coal, oil and natural gas in Pakistan (IEA, 2020). The 2022 heatwave increased the demand for 675 
coal imports in India due to shortages resulting in rolling blackouts (Chaturvedi, 2022). At least 676 
16 out of 28 states in India experienced power outages of two and ten hours duration 677 
(Bloomberg, 2022), affecting the public, industry, and agriculture (R. K. Singh, 2022).  678 
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 679 
 680 
6. Concluding remarks 681 

In 2022 India and Pakistan experienced an intense heatwave that began in early March and 682 
persisted into the month of May. Given the devastating impacts on human health and 683 
agriculture  we set out to answer the question of whether and to what extent the event could 684 
have been influenced by climate change. Therefore, we performed an attribution analysis of 685 
the observed March–April average daily maximum temperature, using published peer-686 
reviewed methods. Upon comparing the event characteristics — return period and intensity, in 687 
today’s climate with counterfactual worlds without climate change (GMST 1.2°C cooler as 688 
compared to now), the 2022 heatwave is found to be made 1°C hotter and 30 times more likely 689 
by climate change. Notwithstanding the conflicting effects of local factors on magnitudes such 690 
as aerosol interactions among the different models, future projections also show consistently 691 
more intense heat waves of longer durations and occurring at a higher frequency over India 692 
(Murari et al., 2015; Mishra et al., 2017) and Pakistan (Saeed et al. 2017; Nasim et al., 2018). 693 
Our results show that under global warming of 2°C above pre-industrial levels, the 2022 694 
heatwave is expected to become 2–20 times more likely and and 0.5°C-1.5°C hotter than now. 695 

The urban poor in India and Pakistan are amongst the most exposed and vulnerable to extreme 696 
heat, and are left using coping mechanisms to withstand the extreme heat and earn a daily wage. 697 
Rising temperatures from more intense and frequent heatwaves will render coping mechanisms 698 
inadequate, as some regions meet and exceed limits to human survivability (Mora et al., 2017). 699 
While some losses will inevitably occur due to extreme heat, it is misleading to assume that 700 
the impacts are inevitable (Raju et al., 2022). This emphasises the need to record losses and 701 
damages occurring due to climate change related disasters (Boyd et al., 2021). Adaptation to 702 
extreme heat has been shown to be effective in some cases (Hess et al., 2018). Heat Action 703 
Plans that include early warning and early action, awareness raising and behaviour changing 704 
messaging, and supportive public services can reduce mortality, and India’s rollout of these 705 
has been remarkable, now covering 130 cities and towns. There are, however, still large 706 
research gaps on adaptation to heat across India and Pakistan that will require further study to 707 
build a stronger evidence base for action (Pachure et al., 2022). Heatwaves such as the event 708 
we analysed here are considered disasters due to people’s vulnerabilities, an issue that needs 709 
to be tackled by society. Better urban and health planning, disaster insurances and livelihood 710 
protection mechanisms, investment in green spaces, energy grid strengthening, improved water 711 
infrastructure and pollution controls could all contribute to ensure that fewer people suffer as 712 
temperatures rise. 713 

 714 
Data Availability Statement 715 

The data that support the findings of this study are openly available at 716 
https://climexp.knmi.nl/HeatwaveIndiaPakistan2022.cgi 717 

Acknowledgements 718 

Page 21 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



The authors would like to thank National Oceanic and Atmospheric Administration (NOAA) 719 
Climate Prediction Centre (CPC) and India Meteorological Department for making the 720 
observed temperature data publicly available. The authors would like to acknowledge the 721 
various agencies that have contributed to the HAPPI, CORDEX, HighResMIP and CMIP6 722 
runs. The authors acknowledge funding from the H2020 project XAIDA with the Grant 723 
Agreement number 101003469. MZ acknowledges support from the Grantham Foundation for 724 
the Protection of the Environment. 725 

 726 

References 727 
 728 

AFP. (2022, May 16). Why did India suddenly ban wheat exports ? The Economic 729 
Times. Retrieved from 730 
https://economictimes.indiatimes.com/news/economy/foreign-trade/why-did-india-731 
suddenly-ban-wheat-exports/articleshow/91597372.cms 732 

Anwar, N. H., Khan, H. F., Abdullah, A., Macktoom, S., & Fatima, A. (2022). Designed 733 
to fail? Heat governance in urban South Asia: The case of Karachi a scoping study. 734 
Karachi. Retrieved from https://era.ed.ac.uk/bitstream/handle/1842/38928/UNI-ED 735 
Resilient cities KARACHI.pdf?sequence=1&isAllowed=y 736 

Arora, N., & Bhardwaj, M. (2022, May 2). After five record crops, heat wave threatens 737 
India’s wheat output, export plans | Reuters. Reuters. Retrieved from 738 
https://www.reuters.com/world/india/after-five-record-crops-heat-wave-threatens-739 
indias-wheat-output-export-plans-2022-05-02/ 740 

Bakhsh, K., Rauf, S., & Abbas, A. (2016). Knowledge, perception and socioeconomic 741 
vulnerability of urban and peri-urban households to heat waves in Pakistan. In 742 
Climate Change Challenge (3C) and Social-Economic-Ecological Interface-743 
Building (pp. 191–202). Springer. https://doi.org/10.1007/978-3-319-31014-5_12 744 

Bakhsh, K., Rauf, S., & Zulfiqar, F. (2018). Adaptation strategies for minimizing heat 745 
wave induced morbidity and its determinants. Sustainable Cities and Society, 41, 746 
95–103. https://doi.org/10.1016/j.scs.2018.05.021 747 

Barthwal, V., Jain, S., Babuta, A., Jamir, C., Sharma, A. K., & Mohan, A. (2022). 748 
Health impact assessment of Delhi’s outdoor workers exposed to air pollution and 749 
extreme weather events: an integrated epidemiology approach. Environmental 750 
Science and Pollution Research, 29(29), 44746–44758. 751 
https://doi.org/10.1007/s11356-022-18886-9 752 

Bhatti, M. W. (2022, May 3). Climate change: April 2022 hottest month in last 61 years. 753 
The News. Retrieved from https://www.thenews.com.pk/print/955193-climate-754 
change-april-2022-hottest-month-in-last-61-years 755 

Bloomberg. (2022, May 5). Heat wave is making India ’s power crisis worse. The Times 756 
of India. Retrieved from https://timesofindia.indiatimes.com/business/india-757 
business/heat-wave-is-making-indias-power-crisis-758 
worse/articleshow/91340064.cms 759 

Bonnet, R., Boucher, O., Deshayes, J., Gastineau, G., Hourdin, F., Mignot, J., … 760 
Swingedouw, D. (2021). Presentation and evaluation of the IPSL-CM6A-LR 761 

Page 22 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



ensemble of extended historical simulations. Journal of Advances in Modeling 762 
Earth Systems, 13(9), 1–25. https://doi.org/10.1029/2021MS002565 763 

Boucher, O., Servonnat, J., Albright, A. L., Aumont, O., Balkanski, Y., Bastrikov, V., 764 
… Vuichard, N. (2020). Presentation and evaluation of the IPSL-CM6A-LR 765 
climate model. Journal of Advances in Modeling Earth Systems, 12(7), 1–52. 766 
https://doi.org/10.1029/2019MS002010 767 

Boyd, E., Chaffin, B. C., Dorkenoo, K., Jackson, G., Harrington, L., N’Guetta, A., … 768 
Stuart-Smith, R. (2021). Loss and damage from climate change: A new climate 769 
justice agenda. One Earth, 4(10), 1365–1370. 770 
https://doi.org/10.1016/j.oneear.2021.09.015 771 

Cannon, A. J., Piani, C., & Sippel, S. (2020). Bias correction of climate model output for 772 
impact models. In Climate Extremes and Their Implications for Impact and Risk 773 
Assessment (pp. 77–104). Elsevier. https://doi.org/10.1016/B978-0-12-814895-774 
2.00005-7 775 

Carleton, T. A. (2017). Crop-damaging temperatures increase suicide rates in India. 776 
Proceedings of the National Academy of Sciences, 201701354. 777 
https://doi.org/10.1073/pnas.1701354114 778 

Chakraborty, D., Sehgal, V. K., Dhakar, R., Varghese, E., Das, D. K., & Ray, M. (2018). 779 
Changes in daily maximum temperature extremes across India over 1951–2014 and 780 
their relation with cereal crop productivity. Stochastic Environmental Research and 781 
Risk Assessment, 32(11), 3067–3081. https://doi.org/10.1007/s00477-018-1604-3 782 

Chaturvedi, S. (2022, May 9). India raises NTPC ’ s coal import target. Argus Media. 783 
Retrieved from https://www.argusmedia.com/en/news/2329420-india-raises-ntpcs-784 
coal-import-target 785 

Chaudhury, S. K., Gore, J. M., & Sinha Ray, K. C. (2000). Impact of heat waves over 786 
India. Current Science, 79(2), 153–155. Retrieved from 787 
https://www.jstor.org/stable/24103439 788 

Chen, M., Shi, W., Xie, P., Silva, V. B. S., Kousky, V. E., Wayne Higgins, R., & 789 
Janowiak, J. E. (2008). Assessing objective techniques for gauge-based analyses of 790 
global daily precipitation. Journal of Geophysical Research, 113(D4), D04110. 791 
https://doi.org/10.1029/2007JD009132 792 

Ciavarella, A., Cotterill, D., Stott, P., Kew, S., Philip, S., van Oldenborgh, G. J., … 793 
Zolina, O. (2021). Prolonged Siberian heat of 2020 almost impossible without 794 
human influence. Climatic Change, 166(1–2), 9. https://doi.org/10.1007/s10584-795 
021-03052-w 796 

Climate &Development Knowledge Network. (2016). Study can help traffic cops and 797 
outdoor workers who are reeling under heat waves. Retrieved from 798 
https://cdkn.org/story/opinion-study-can-help-workers-reeling-heat-wave 799 

Commissioner Karachi. (n.d.). Karachi Heatwave Management Plan: A guide to 800 
planning and response. Climate and Development Knowledge Network. Retrieved 801 
from https://ghhin.org/wp-content/uploads/HeatwaveManagementPlan.pdf 802 

Daramola, M. T., & Xu, M. (2022). Recent changes in global dryland temperature and 803 
precipitation. International Journal of Climatology, 42(2), 1267–1282. 804 
https://doi.org/10.1002/joc.7301 805 

Page 23 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Das, S., & Smith, S. C. (2012). Awareness as an adaptation strategy for reducing 806 
mortality from heat waves: Evidence from a disaster risk management program in 807 
India. Climate Change Economics, 03(02), 1250010. 808 
https://doi.org/10.1142/S2010007812500108 809 

Datt, K. B. (2023, February 21). India recorded 33 heat-related deaths in 2022, none in 810 
2023 yet. The New Indian Express. Retrieved from 811 
https://www.newindianexpress.com/nation/2023/mar/21/india-recorded-33-heat-812 
related-deaths-in-2022-none-in-2023-yet-2558237.html#:~:text=NEW DELHI%3A 813 
Over 30 deaths,2022%2C 27 were from Maharashtra. 814 

Davies, R. (2022, May 8). Pakistan – massive floods destroy bridge in Gilgit-Baltistan. 815 
FloodList. Retrieved from https://floodlist.com/asia/pakistan-glof-floods-gilgit-816 
baltistan-may-2022 817 

Desai, V. K., Wagle, S., Rathi, S. K., Patel, U., Desai, H. S., & Khatri, K. (2015). Effect 818 
of ambient heat on all-cause mortality in the coastal city of Surat, India. Current 819 
Science, 109(9), 1680–1686. 820 
https://doi.org/http://dx.doi.org/10.18520/v109/i9/1680-1686 821 

Devanand, A., Huang, M., Ashfaq, M., Barik, B., & Ghosh, S. (2019). Choice of 822 
irrigation water management practice affects Indian summer monsoon rainfall and 823 
Its extremes. Geophysical Research Letters, 46(15), 9126–9135. 824 
https://doi.org/10.1029/2019GL083875 825 

Dileepkumar, R., AchutaRao, K., & Arulalan, T. (2018). Human influence on sub-826 
regional surface air temperature change over India. Scientific Reports, 8(1), 8967. 827 
https://doi.org/10.1038/s41598-018-27185-8 828 

Dileepkumar, R., AchutaRao, K., Bonfils, C., & Arulalan, T. (2021). On the emergence 829 
of human influence on surface air temperature changes over India. Journal of 830 
Geophysical Research: Atmospheres, 126(18), 1–12. 831 
https://doi.org/10.1029/2020JD032911 832 

Dimri, A. P. (2019). Comparison of regional and seasonal changes and trends in daily 833 
surface temperature extremes over India and its subregions. Theoretical and 834 
Applied Climatology, 136(1–2), 265–286. https://doi.org/10.1007/s00704-018-835 
2486-5 836 

Donat, M. G., Alexander, L. V., Herold, N., & Dittus, A. J. (2016). Temperature and 837 
precipitation extremes in century-long gridded observations, reanalyses, and 838 
atmospheric model simulations. Journal of Geophysical Research: Atmospheres, 839 
121(19), 24–36. https://doi.org/10.1002/2016JD025480 840 

Dunn, R. J. H., Alexander, L. V., Donat, M. G., Zhang, X., Bador, M., Herold, N., … 841 
Bin Hj Yussof, M. N. (2020). Development of an updated global land in situ-based 842 
data set of temperature and precipitation extremes: HadEX3. Journal of 843 
Geophysical Research: Atmospheres, 125(16), 1–28. 844 
https://doi.org/10.1029/2019JD032263 845 

Environment Protection Department. (2022). Air quality reports. Retrieved from 846 
https://epd.punjab.gov.pk/aqi 847 

Express News Service. (2022, April 23). How western disturbances are keeping Delhi 848 
weather in a flux. The Indian Express. Retrieved from 849 

Page 24 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



https://indianexpress.com/article/cities/delhi/explained-how-western-disturbances-850 
are-keeping-delhi-weather-in-a-flux-7882979/ 851 

Express News Service. (2022, May). 9 days on , Delhi ’s Bhalswa landfill still on fire , 852 
DFS says longest operation yet. The Indian Express. Retrieved from 853 
https://indianexpress.com/article/cities/delhi/9-days-on-delhis-bhalswa-landfill-854 
still-on-fire-dfs-says-longest-operation-yet-7901842/ 855 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., & Taylor, 856 
K. E. (2016). Overview of the Coupled Model Intercomparison Project Phase 6 857 
(CMIP6) experimental design and organization. Geoscientific Model Development, 858 
9(5), 1937–1958. https://doi.org/10.5194/gmd-9-1937-2016 859 

FAO Food Price Index. (2022). FAO Food Price Index. Retrieved from 860 
https://www.fao.org/worldfoodsituation/foodpricesindex/en/ 861 

Fox, K. (2022, September 1). Pakistan’s melting glaciers are‘ erupting ’ and worsening 862 
floods. CNN. Retrieved from https://edition.cnn.com/2022/09/01/asia/pakistan-863 
flooding-glacier-outbursts-climate-intl/index.html 864 

Furrer, E., Katz, R., Walter, M., & Furrer, R. (2010). Statistical modeling of hot spells 865 
and heat waves. Climate Research, 43(3), 191–205. 866 
https://doi.org/10.3354/cr00924 867 

Ghosal, S. (2022, May 1). Severe heatwave across India roasts crop yield. The Economic 868 
Times. Retrieved from https://economictimes.indiatimes.com/news/india/severe-869 
heatwave-across-india-roasts-crop-yield/articleshow/91241168.cms 870 

Ghumman, U., & Horney, J. (2016). Characterizing the impact of extreme heat on 871 
mortality, Karachi, Pakistan, June 2015. Prehospital and Disaster Medicine, 31(3), 872 
263–266. https://doi.org/10.1017/S1049023X16000273 873 

Glum, J. (2015, July 27). Pakistan heat wave 2015: Death toll exceeds 1,200 as Karachi 874 
struggles with continued extreme weather during Ramadan. International Business 875 
Times. Retrieved from https://www.ibtimes.com/pakistan-heat-wave-2015-death-876 
toll-exceeds-1200-karachi-struggles-continued-extreme-1986866 877 

Government of Pakistan. (2022, April 29). PR No . 150 Rise in temperature – GLOF 878 
Alert for GB & KP issued , Departments to take precautionary measures , NDMA. 879 
Press Release. Retrieved from http://pid.gov.pk/site/press_detail/19741  880 

Gupta, V. (2023, April 11). After being hit by heat last year , wheat crop suffers from 881 
excessive , untimely rains this year. Retrieved from 882 
https://india.mongabay.com/2023/04/indias-wheat-crop-again-suffered-from-883 
extreme-weather/ 884 

Guyatt, B. Y. H., & Khan, S. U. (2022). Evaluating locally led early action against 885 
heatwaves in Sibi , Pakistan. Retrieved from https://start-886 
network.app.box.com/s/p2sob4xw4v74bfpjd3wey3vnw92hmhjq 887 

Haarsma, R. J., Roberts, M. J., Vidale, P. L., Senior, C. A., Bellucci, A., Bao, Q., … von 888 
Storch, J.-S. (2016). High Resolution Model Intercomparison Project (HighResMIP 889 
v1.0) for CMIP6. Geoscientific Model Development, 9(11), 4185–4208. 890 
https://doi.org/10.5194/gmd-9-4185-2016 891 

Hansen, J., Ruedy, R., Sato, M., & Lo, K. (2010). Global surface temperature change. 892 
Reviews of Geophysics, 48(4), RG4004. https://doi.org/10.1029/2010RG000345 893 

Page 25 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Hari, V., Dharmasthala, S., Koppa, A., Karmakar, S., & Kumar, R. (2021). Climate 894 
hazards are threatening vulnerable migrants in Indian megacities. Nature Climate 895 
Change, 11(8), 636–638. https://doi.org/10.1038/s41558-021-01105-7 896 

Hess, J. J., LM, S., Knowlton, K., Saha, S., Dutta, P., Ganguly, P., … Mavalankar, D. 897 
(2018). Building resilience to climate change: Pilot evaluation of the impact of 898 
India’s first Heat Action Plan on all-cause mortality. Journal of Environmental and 899 
Public Health, 2018, 1–8. https://doi.org/10.1155/2018/7973519 900 

Hoskins, P. (2022, May 16). Ukraine war: global wheat prices jump after India export 901 
ban. BBC. Retrieved from https://www.bbc.co.uk/news/business-61461093 902 

Hunt, K. M. R., Turner, A. G., & Shaffrey, L. C. (2018). The evolution, seasonality and 903 
impacts of Western Disturbances. Quarterly Journal of the Royal Meteorological 904 
Society, 144(710), 278–290. https://doi.org/10.1002/qj.3200 905 

Hunt, K. M. R., Turner, A. G., & Shaffrey, L. C. (2019). Falling trend of Western 906 
Disturbances in future climate simulations. Journal of Climate, 32(16), 5037–5051. 907 
https://doi.org/10.1175/JCLI-D-18-0601.1 908 

IEA. (2020). Pakistan Key energy statistics 2020. Retrieved from 909 
https://www.iea.org/countries/pakistan 910 

IEA. (2021). Energy in India today. Retrieved from https://www.iea.org/reports/india-911 
energy-outlook-2021/energy-in-india-today 912 

Ilyas, Faiza. (2022, May 3). Extreme heat events expose climate vulnerabilities. Dawn. 913 
Retrieved from https://www.dawn.com/news/1688021 914 

Ilyas, Fazia. (2022, May 1). 49 ° C in Jacobabad as a few more roasting hot days to go. 915 
The Dawn. Retrieved from https://www.dawn.com/news/1687599 916 

India Meteorological Department. (2016). Annual climate summary - 2015. Pune. 917 
Retrieved from 918 
https://www.imdpune.gov.in/cmpg/Product/Annual_Climate_Summary/annual_su919 
mmary_2015.pdf 920 

India Meteorological Department. (2017). Annual climate summary - 2016. Pune. 921 
Retrieved from 922 
https://www.imdpune.gov.in/cmpg/Product/Annual_Climate_Summary/annual_su923 
mmary_2016.pdf 924 

India Meteorological Department. (2022a). Monthly Weather and Climate Summary for 925 
the month of April 2022. Retrieved from 926 
https://internal.imd.gov.in/press_release/20220519_pr_1634.pdf 927 

India Meteorological Department. (2022b). Monthly Weather and Climate Summary for 928 
the month of March 2022. Retrieved from 929 
https://internal.imd.gov.in/press_release/20220402_pr_1551.pdf 930 

India Meteorological Department. (2022c). Statement on Climate of India during 2022. 931 
Retrieved from 932 
https://mausam.imd.gov.in/Forecast/marquee_data/Statement_climate_of_india_20933 
22_final.pdf 934 

IPCC, 2014. Climate Change 2014: Impacts, Adaptation and Vulnerability. Contribution 935 
of Working Group II to the Fifth Assessment Report of the Intergovernmental 936 
Panel on Climate Change. Cambridge University Press, Cambridge and New York. 937 

Page 26 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Retrieved from https://www.ipcc.ch/report/ar5/wg2/ 938 
Irfan, W. (2023, June 13). As Karachi suffers from merciless heat, some suffer more 939 

than others. Retrieved from https://www.dawn.com/news/1758265 940 
Jain, M., Saxena, P., Sharma, S., & Sonwani, S. (2021). Investigation of forest fire 941 

activity changes over the Central India domain using satellite observations during 942 
2001–2020. GeoHealth, 5(12), 1–16. https://doi.org/10.1029/2021GH000528 943 

Janjua, Z. Z. (2022, July 7). “In the mouth of dragons”: Melting glaciers threaten 944 
Pakistan’s north. Phys.Org, pp. 1–8. Retrieved from 945 
https://edition.cnn.com/2022/09/01/asia/pakistan-flooding-glacier-outbursts-946 
climate-intl/index.html 947 

Jha, A., & Kishore, R. (2022, May 3). 49% of Indian workers are employed outdoors in 948 
scorching heat. Hindustan Times. Retrieved from 949 
https://www.hindustantimes.com/india-news/49-of-indian-workers-are-employed-950 
outdoors-in-scorching-heat-101651514183004.html 951 

Jha, R., Mondal, A., Devanand, A., Roxy, M. K., & Ghosh, S. (2022). Limited influence 952 
of irrigation on pre-monsoon heat stress in the Indo-Gangetic Plain. Nature 953 
Communications, 13(1), 4275. https://doi.org/10.1038/s41467-022-31962-5 954 

Kew, S. f., Philip, S. Y., Jan van Oldenborgh, G., van der Schrier, G., Otto, F. E. L., & 955 
Vautard, R. (2019). The exceptional summer heat wave in Southern Europe 2017. 956 
Bulletin of the American Meteorological Society, 100(1), S49–S53. 957 
https://doi.org/10.1175/BAMS-D-18-0109.1 958 

Lal, N. (2022, May 5). Indians grapple with deadly heatwaves. The Diplomat. Retrieved 959 
from https://thediplomat.com/2022/05/indians-grapple-with-deadly-heatwaves/ 960 

Lenssen, N. J. L., Schmidt, G. A., Hansen, J. E., Menne, M. J., Persin, A., Ruedy, R., & 961 
Zyss, D. (2019). Improvements in the GISTEMP uncertainty model. Journal of 962 
Geophysical Research: Atmospheres, 124(12), 6307–6326. 963 
https://doi.org/10.1029/2018JD029522 964 

Li, S., & Otto, F. E. L. (2022). The role of human-induced climate change in heavy 965 
rainfall events such as the one associated with Typhoon Hagibis. Climatic Change, 966 
172(1–2), 7. https://doi.org/10.1007/s10584-022-03344-9 967 

Li, Y., Chen, Y., & Li, Z. (2019). Dry/wet pattern changes in global dryland areas over 968 
the past six decades. Global and Planetary Change, 178(April), 184–192. 969 
https://doi.org/10.1016/j.gloplacha.2019.04.017 970 

Lobell, D. B., Sibley, A., & Ivan Ortiz-Monasterio, J. (2012). Extreme heat effects on 971 
wheat senescence in India. Nature Climate Change, 2(3), 186–189. 972 
https://doi.org/10.1038/nclimate1356 973 

Luu, L. N., Scussolini, P., Kew, S., Philip, S., Hariadi, M. H., Vautard, R., … van 974 
Oldenborgh, G. J. (2021). Attribution of typhoon-induced torrential precipitation in 975 
Central Vietnam, October 2020. Climatic Change, 169(3–4), 24. 976 
https://doi.org/10.1007/s10584-021-03261-3 977 

Madaan, N. (2022, April 2). This March was hottest in 122 years: IMD data. The Times 978 
of India. Retrieved from https://timesofindia.indiatimes.com/india/this-march-was-979 
indias-hottest-in-122-years/articleshow/90599999.cms 980 

Mahadevia, D., Pathak, M., Bhatia, N., & Patel, S. (2020). Climate change, heat waves 981 

Page 27 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



and thermal comfort—reflections on housing policy in India. Environment and 982 
Urbanization ASIA, 11(1), 29–50. https://doi.org/10.1177/0975425320906249 983 

Mascarenhas, A. (2022, April 29). Early onset of extreme heat catches Maharashtra 984 
unawares , experts advise citizens to practise caution. The Indian Express. 985 
Retrieved from https://indianexpress.com/article/cities/pune/maharashtra-heatwave-986 
citizens-caution-experts-7894216/ 987 

Mazdiyasni, O., AghaKouchak, A., Davis, S. J., Madadgar, S., Mehran, A., Ragno, E., 988 
… Niknejad, M. (2017). Increasing probability of mortality during Indian heat 989 
waves. Science Advances, 3(6), e1700066. https://doi.org/10.1126/sciadv.1700066 990 

Meyer, R. (2022, May 4). Wheat can ’ t catch a break right now. The Atlantic. Retrieved 991 
from https://www.theatlantic.com/science/archive/2022/05/india-pakistan-992 
heatwave-wheat-economic-costs/629753/ 993 

Mishra, V., Ambika, A. K., Asoka, A., Aadhar, S., Buzan, J., Kumar, R., & Huber, M. 994 
(2020). Moist heat stress extremes in India enhanced by irrigation. Nature 995 
Geoscience, 13(11), 722–728. https://doi.org/10.1038/s41561-020-00650-8 996 

Mondal, A., Sah, N., Sharma, A., Venkataraman, C., & Patil, N. (2021). Absorbing 997 
aerosols and high-temperature extremes in India: A general circulation modelling 998 
study. International Journal of Climatology, 41(S1), E1498–E1517. 999 
https://doi.org/10.1002/joc.6783 1000 

Mora, C., Dousset, B., Caldwell, I. R., Powell, F. E., Geronimo, R. C., Bielecki, C. R., 1001 
… Trauernicht, C. (2017). Global risk of deadly heat. Nature Climate Change, 1002 
7(7), 501–506. https://doi.org/10.1038/nclimate3322 1003 

Mukhopadhyay, B., Weitz, C. A., & Das, K. (2021). Indoor heat conditions measured in 1004 
urban slum and rural village housing in West Bengal, India. Building and 1005 
Environment, 191(1), 107567. https://doi.org/10.1016/j.buildenv.2020.107567 1006 

NASA Earth Observatory. (2022, April 27). Early season heat waves strike India. 1007 
Retrieved from https://earthobservatory.nasa.gov/images/149766/early-season-1008 
heat-waves-strike-india 1009 

National Centre for Disease Control. (2021). National Action Plan on heat related 1010 
illness. Retrieved from 1011 
https://ncdc.gov.in/WriteReadData/linkimages/NationActionplanonHeatRelatedIlln1012 
esses.pdf 1013 

National Weather Forecasting Centre. (2022a). Heat wave conditions predicted during 1014 
the week. Islamabad. Retrieved from https://nwfc.pmd.gov.pk/new/print-press-1015 
release.php?press=171 1016 

National Weather Forecasting Centre. (2022b). Heat wave conditions predicted during 1017 
the week. Islamabad. Retrieved from https://nwfc.pmd.gov.pk/new/print-press-1018 
release.php?press=168 1019 

Natural Resources Defense Council. (2022). Expanding heat resilience across India : 1020 
Heat Action Plan highlights 2022. Retrieved from 1021 
https://www.nrdc.org/sites/default/files/india-heat-resilience-20220406.pdf 1022 

Pabani, A. (2021, July 17). Katchi Abadistan: How can informal housing be improved in 1023 
Pakistan? Macro Pakistani. 1024 

Pachure, R., Dharak, S., & Kulkarni, V. (2022). A review of heat and health research in 1025 

Page 28 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



India. Knowledge gaps in building climate change adaptation responses. Pune. 1026 
Retrieved from https://energy.prayaspune.org/our-work/research-report/a-review-1027 
of-heat-and-health-research-in-india-knowledge-gaps-in-building-climate-change-1028 
adaptation-responses 1029 

Padmanaban, D. (2021). Specifically tailored action plans combat heat waves in India. 1030 
Eos, 102. https://doi.org/10.1029/2021EO161871 1031 

Pai, D. ., Rajeevan, M., Sreejith, O. ., Mukhopadhyay, B., & Satbha, N. . (2014). 1032 
Development of a new high spatial resolution (0.25° × 0.25°) long period (1901-1033 
2010) daily gridded rainfall data set over India and its comparison with existing 1034 
data sets over the region. Mausam, 65(1), 1–18. 1035 
https://doi.org/10.54302/mausam.v65i1.851 1036 

Pakistan Meteorological Department. (2022a). Pakistan’s monthly climate summary 1037 
April, 2022. Karachi. Retrieved from 1038 
http://www.pmd.gov.pk/cdpc/Pakistan_Monthly_Climate_Summary_April_2022.p1039 
df 1040 

Pakistan Meteorological Department. (2022b). Pakistan’s monthly climate summary 1041 
March, 2022. Karachi. Retrieved from 1042 
http://www.pmd.gov.pk/cdpc/Pakistan_Monthly_Climate_Summary_March_2022.1043 
pdf 1044 

Paljor, A. (2022, May 6). Delhiites breathe with difficulty: dust, poor air quality, 1045 
pollution to blame. Hindustan Times. Retrieved from 1046 
https://www.hindustantimes.com/cities/delhi-news/delhiites-breathe-with-1047 
difficulty-dust-poor-air-quality-pollution-to-blame-101651817595366.html 1048 

Parija, P., & Bhatia, R. (2022, March 29). War creates an opportunity for Indian wheat 1049 
growers. Al Jazeera. Retrieved from 1050 
https://www.aljazeera.com/economy/2022/3/29/war-creates-an-opportunity-for-1051 
indian-wheat-growers 1052 

Parsons, L. A., Shindell, D., Tigchelaar, M., Zhang, Y., & Spector, J. T. (2021). 1053 
Increased labor losses and decreased adaptation potential in a warmer world. 1054 
Nature Communications, 12(1), 7286. https://doi.org/10.1038/s41467-021-27328-y 1055 

Pattanayak, S., Nanjundiah, R. S., & Kumar, D. N. (2017). Linkage between global sea 1056 
surface temperature and hydroclimatology of a major river basin of India before 1057 
and after 1980. Environmental Research Letters, 12(12), 124002. 1058 
https://doi.org/10.1088/1748-9326/aa9664 1059 

Pescaroli, G., & Alexander, D. (2014). A definition of cascading disasters and cascading 1060 
effects: Going beyond the “toppling dominos” metaphor. GRF Davos Planet@Risk, 1061 
3(1), 58–67. Retrieved from 1062 
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=5e056c0990d341063 
1ce554b98d25d2bca935623ad76 1064 

Philip, S., Kew, S. F., Jan van Oldenborgh, G., Otto, F., O’Keefe, S., Haustein, K., … 1065 
Cullen, H. (2018). Attribution analysis of the Ethiopian Drought of 2015. Journal 1066 
of Climate, 31(6), 2465–2486. https://doi.org/10.1175/JCLI-D-17-0274.1 1067 

Philip, S., Kew, S., van Oldenborgh, G. J., Otto, F., Vautard, R., van der Wiel, K., … 1068 
van Aalst, M. (2020). A protocol for probabilistic extreme event attribution 1069 

Page 29 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



analyses. Advances in Statistical Climatology, Meteorology and Oceanography, 1070 
6(2), 177–203. https://doi.org/10.5194/ascmo-6-177-2020 1071 

Provincial Disaster Management Authority. (2022). Accidental fire incident in various 1072 
villages of district Dadu. Provision of relief support to the affectees. Karachi. 1073 
Retrieved from https://pdma.gos.pk/press-release/ 1074 

PTI. (2022, April 28). Heat wave sweeps India , temperature over 44 degree Celsius in 1075 
14 states. Onmanorama. Retrieved from 1076 
https://www.onmanorama.com/news/india/2022/04/28/heatwave-in-india-imd-1077 
update.html 1078 

Otto, F. E. L., van Oldenborgh, G. J., Eden, J., Stott, P. A., Karoly, D. J., & Allen, M. R. 1079 
(2016). The attribution question. Nature Climate Change, 6(9), 813–816. 1080 
https://doi.org/10.1038/nclimate3089 1081 

Rafferty, J. P. (2016). India--Pakistan heat wave of 2015. Encyclopeaedia Brittannica. 1082 
Retrieved from https://academic-eb-1083 
com.ezproxy.its.uu.se/levels/collegiate/article/India-Pakistan-heat-wave-of-1084 
2015/624614 1085 

Rajeevan, M. (2023). Heatwave preparedness grows more pressing. Nature India, 1–5. 1086 
https://doi.org/10.1038/d44151-023-00056-6 1087 

Raju, E., Boyd, E., & Otto, F. (2022). Stop blaming the climate for disasters. 1088 
Communications Earth & Environment, 3(1), 1. https://doi.org/10.1038/s43247-1089 
021-00332-2 1090 

Raju, E., Dutta, A., & Ayeb-Karlsson, S. (2021). COVID-19 in India: Who are we 1091 
leaving behind? Progress in Disaster Science, 10(1), 100163. 1092 
https://doi.org/10.1016/j.pdisas.2021.100163 1093 

Rashid, I. U., Abid, M. A., Almazroui, M., Kucharski, F., Hanif, M., Ali, S., & Ismail, 1094 
M. (2022). Early summer surface air temperature variability over Pakistan and the 1095 
role of El Niño–Southern Oscillation teleconnections. International Journal of 1096 
Climatology, 42(11), 5768–5784. https://doi.org/10.1002/joc.7560 1097 

Rathi, S. K., & Sodani, P. R. (2021). Summer temperature and all-cause mortality from 1098 
2006 to 2015 for Hyderabad, India. African Health Sciences, 21(3), 1474–1481. 1099 
https://doi.org/10.4314/ahs.v21i3.59 1100 

Rathi, S. K., Sodani, P. R., & Joshi, S. (2021). Summer temperature and all-cause 1101 
mortality from 2006 to 2015 for smart city Jaipur, India. Journal of Health 1102 
Management, 23(2), 294–301. https://doi.org/10.1177/09720634211011693 1103 

Razzak, J. A., Agrawal, P., Chand, Z., Quraishy, S., Ghaffar, A., & Hyder, A. A. (2022). 1104 
Impact of community education on heat-related health outcomes and heat literacy 1105 
among low-income communities in Karachi, Pakistan: a randomised controlled 1106 
trial. BMJ Global Health, 7(1), e006845. https://doi.org/10.1136/bmjgh-2021-1107 
006845 1108 

Rohini, P., Rajeevan, M., & Srivastava, A. K. (2016). On the variability and increasing 1109 
trends of heat waves over India. Scientific Reports, 6(1), 26153. 1110 
https://doi.org/10.1038/srep26153 1111 

Roy, S. Sen. (2019). Spatial patterns of trends in seasonal extreme temperatures in India 1112 
during 1980–2010. Weather and Climate Extremes, 24(February), 100203. 1113 

Page 30 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



https://doi.org/10.1016/j.wace.2019.100203 1114 
Saeed, A. (2022, May 16). Record- breaking Pakistan heatwave leads to cases of acute 1115 

kidney acute kidney injury , gastroenteritis. Arab News. Retrieved from 1116 
https://www.arabnews.pk/node/2083176/pakistan 1117 

Saeed, F., Schleussner, C., & Ashfaq, M. (2021). Deadly heat stress to become 1118 
commonplace across South Asia already at 1.5°C of global warming. Geophysical 1119 
Research Letters, 48(7), 1–11. https://doi.org/10.1029/2020GL091191 1120 

Seneviratne, S. I., Zhang, X., Adnan, M., Badi, W., Dereczynski, C., Di Luca, A., … 1121 
Zhou, B. (2021). Weather and Climate Extreme Events in a Changing Climate. In 1122 
V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, … B. 1123 
Zhou (Eds.), The Physical Science Basis. Contribution of Working Group I to the 1124 
Sixth Assessment Report of the Intergovernmental Panel on Climate Change (pp. 1125 
1513–1766). Cambridge, UK and New York, USA. 1126 
https://doi.org/https://doi.org/10.1017/9781009157896.013 1127 

Seong, M.-G., Min, S.-K., Kim, Y.-H., Zhang, X., & Sun, Y. (2021). Anthropogenic 1128 
greenhouse gas and aerosol contributions to extreme temperature changes during 1129 
1951–2015. Journal of Climate, 34(3), 857–870. https://doi.org/10.1175/JCLI-D-1130 
19-1023.1 1131 

Sharma, S., & Mujumdar, P. (2017). Increasing frequency and spatial extent of 1132 
concurrent meteorological droughts and heatwaves in India. Scientific Reports, 1133 
7(1), 15582. https://doi.org/10.1038/s41598-017-15896-3 1134 

Sheikh, M. M., Manzoor, N., Ashraf, J., Adnan, M., Collins, D., Hameed, S., … 1135 
Shrestha, M. L. (2015). Trends in extreme daily rainfall and temperature indices 1136 
over South Asia. International Journal of Climatology, 35(7), 1625–1637. 1137 
https://doi.org/10.1002/joc.4081 1138 

Singh, N. (2022, April 29). Heatwave 2022 : India facing power shortage during Delhi ’ 1139 
s hottest April in a decade. The Independent. Retrieved from 1140 
https://www.independent.co.uk/climate-change/news/india-heatwave-2022-delhi-1141 
latest-b2068112.html?page=2 1142 

Singh, R. K. (2022, May 5). India Is braced for months of power outages amid a 1143 
blistering heatwave. Time. Retrieved from https://time.com/6173769/india-1144 
heatwave-climate-change-coal/ 1145 

Singh, S., Mall, R. K., & Singh, N. (2021). Changing spatio-temporal trends of heat 1146 
wave and severe heat wave events over India: An emerging health hazard. 1147 
International Journal of Climatology, 41(S1), E1831–E1845. 1148 
https://doi.org/10.1002/joc.6814 1149 

Sippel, S., Otto, F. E. L., Forkel, M., Allen, M. R., Guillod, B. P., Heimann, M., … 1150 
Mahecha, M. D. (2016). A novel bias correction methodology for climate impact 1151 
simulations. Earth System Dynamics, 7(1), 71–88. https://doi.org/10.5194/esd-7-1152 
71-2016 1153 

Srivastava, A. K., Rajeevan, M., & Kshirsagar, S. R. (2009). Development of a high 1154 
resolution daily gridded temperature data set (1969-2005) for the Indian region. 1155 
Atmospheric Science Letters, 10(October), n/a-n/a. https://doi.org/10.1002/asl.232 1156 

Start Network. (2021). Pakistan Heatwave Model. Retrieved from 1157 

Page 31 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



https://startprogrammes.app.box.com/s/xs2lorzb2t2k42183bz51ronlbvri7vx/file/791158 
8990770656 1159 

Statista. (2022a). India: Distribution of workforce across economic sectors from 2009 to 1160 
2019. Retrieved from https://www.statista.com/statistics/271320/distribution-of-1161 
the-workforce-across-economic-sectors-in-india/ 1162 

Statista. (2022b). Pakistan: Distribution of employment by economic sector from 2009 1163 
to 2019. Retrieved from https://www.statista.com/statistics/383781/employment-1164 
by-economic-sector-in-pakistan/#:~:text=In 2019%2C 36.92 percent of,percent in 1165 
the services sector. 1166 

Stott, P. A., Stone, D. A., & Allen, M. R. (2004). Human contribution to the European 1167 
heatwave of 2003. Nature, 432(7017), 610–614. 1168 
https://doi.org/10.1038/nature03089 1169 

Swain, S., Bhattacharya, S., Dutta, A., Pati, S., & Nanda, L. (2019). Vulnerability and 1170 
adaptation to extreme heat in Odisha, India: A community based comparative 1171 
study. International Journal of Environmental Research and Public Health, 16(24), 1172 
5065. https://doi.org/10.3390/ijerph16245065 1173 

Teichmann, C., Jacob, D., Remedio, A. R., Remke, T., Buntemeyer, L., Hoffmann, P., 1174 
… Im, E.-S. (2021). Assessing mean climate change signals in the global 1175 
CORDEX-CORE ensemble. Climate Dynamics, 57(5–6), 1269–1292. 1176 
https://doi.org/10.1007/s00382-020-05494-x 1177 

Thalheimer, L., Simperingham, E., & Jjemba, E. W. (2022). The role of anticipatory 1178 
humanitarian action to reduce disaster displacement. Environmental Research 1179 
Letters, 17(1), 014043. https://doi.org/10.1088/1748-9326/ac4292 1180 

The Global Statistics. (2022). Poverty Rate in India 2022 | Statewise | Poorest State in 1181 
India. Retrieved from https://www.theglobalstatistics.com/poverty-in-india-1182 
statistics-2021/ 1183 

The Third Pole. (2022, April 14). South and Central Asia reel under early heatwave. The 1184 
Third Pole. Retrieved from https://www.thethirdpole.net/en/climate/south-central-1185 
asia-early-heatwave/ 1186 

Thiery, W., Davin, E. L., Lawrence, D. M., Hirsch, A. L., Hauser, M., & Seneviratne, S. 1187 
I. (2017). Present-day irrigation mitigates heat extremes. Journal of Geophysical 1188 
Research: Atmospheres, 122(3), 1403–1422. 1189 
https://doi.org/10.1002/2016JD025740 1190 

Thiery, W., Visser, A. J., Fischer, E. M., Hauser, M., Hirsch, A. L., Lawrence, D. M., … 1191 
Seneviratne, S. I. (2020). Warming of hot extremes alleviated by expanding 1192 
irrigation. Nature Communications, 11(1), 290. https://doi.org/10.1038/s41467-1193 
019-14075-4 1194 

Tilloy, A., Malamud, B. D., Winter, H., & Joly-Laugel, A. (2019). A review of 1195 
quantification methodologies for multi-hazard interrelationships. Earth-Science 1196 
Reviews, 196(1), 102881. https://doi.org/10.1016/j.earscirev.2019.102881 1197 

TN National Desk. (2022, May 1). ‘ Health facility preparedness must be reviewed ’: As 1198 
India reels under intense heatwave , Centre ’ s advisory to states. Retrieved from 1199 
https://www.timesnownews.com/india/health-facility-preparedness-must-be-1200 
reviewed-as-india-reels-under-intense-heatwave-centres-advisory-to-states-article-1201 

Page 32 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



91237781 1202 
Toheed, M. (2022, May 17). No 50 shades for Karachi ’s citizens under the scorching 1203 

sun. Dawn. Retrieved from https://www.dawn.com/news/1689141/no-50-shades-1204 
for-karachis-citizens-under-the-scorching-sun 1205 

Tuholske, C., Caylor, K., Funk, C., Verdin, A., Sweeney, S., Grace, K., … Evans, T. 1206 
(2021). Global urban population exposure to extreme heat. Proceedings of the 1207 
National Academy of Sciences, 118(41), 1–9. 1208 
https://doi.org/10.1073/pnas.2024792118 1209 

ul Haque, N., Nazuk, A., Burgess, R., Rasul, I., Albasit, S. J., Ahsan, H., … Zulfiqar, F. 1210 
(2021). The State of Poverty in America. The American Prospect2. Islamabad. 1211 
Retrieved from https://pide.org.pk/wp-content/uploads/rr-050-the-state-of-poverty-1212 
in-pakistan-pide-report-2021-68-mb.pdf 1213 

Uhe, P., Sjoukje, P., Sarah, K., Kasturi, S., Joyce, K., Emmah, M., … Friederike, O. 1214 
(2017). Attributing drivers of the 2016 Kenyan drought. International Journal of 1215 
Climatology, 38(S1), e554–e568. https://doi.org/10.1002/joc.5389 1216 

United Nations Climate Change. (n.d.). NDC registry. Retrieved from 1217 
https://unfccc.int/NDCREG 1218 

United States Department of Agriculture. (2022). Grain : world markets and trade. 1219 
Retrieved from 1220 
https://docs.google.com/viewerng/viewer?url=https://apps.fas.usda.gov/PSDOnline1221 
/Circulars/2022/05/Grain.pdf 1222 

Vahlberg, M., Khan, R., Heinrich, D., & Jjemba, E. (2022). Early Warning Early Action 1223 
(EWEA) in secondary cities in South Asia. Guidance note. Climate and 1224 
Development Knowledge Network. Retrieved from 1225 
https://cdkn.org/sites/default/files/2022-04/RCCC Guidance Note-EWEA.pdf 1226 

van Oldenborgh, G. J., Philip, S., Kew, S., van Weele, M., Uhe, P., Otto, F., … 1227 
AchutaRao, K. (2018). Extreme heat in India and anthropogenic climate change. 1228 
Natural Hazards and Earth System Sciences, 18(1), 365–381. 1229 
https://doi.org/10.5194/nhess-18-365-2018 1230 

van Oldenborgh, G. J., van der Wiel, K., Kew, S., Philip, S., Otto, F., Vautard, R., … 1231 
van Aalst, M. (2021). Pathways and pitfalls in extreme event attribution. Climatic 1232 
Change, 166(1–2), 13. https://doi.org/10.1007/s10584-021-03071-7 1233 

van Oldenborgh, G. J., van der Wiel, K., Sebastian, A., Singh, R., Arrighi, J., Otto, F., 1234 
… Cullen, H. (2017). Attribution of extreme rainfall from Hurricane Harvey, 1235 
August 2017. Environmental Research Letters, 12(12), 124009. 1236 
https://doi.org/10.1088/1748-9326/aa9ef2 1237 

Vautard, R., Yiou, P., Otto, F., Stott, P., Christidis, N., van Oldenborgh, G. J., & 1238 
Schaller, N. (2016). Attribution of human-induced dynamical and thermodynamical 1239 
contributions in extreme weather events. Environmental Research Letters, 11(11), 1240 
114009. https://doi.org/10.1088/1748-9326/11/11/114009 1241 

Vecchi, G. A., Delworth, T., Gudgel, R., Kapnick, S., Rosati, A., Wittenberg, A. T., … 1242 
Zhang, S. (2014). On the seasonal forecasting of regional tropical cyclone activity. 1243 
Journal of Climate, 27(21), 7994–8016. https://doi.org/10.1175/JCLI-D-14-1244 
00158.1 1245 

Page 33 of 34 AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Vellingiri, S., Dutta, P., Singh, S., Sathish, L., Pingle, S., & Brahmbhatt, B. (2020). 1246 
Combating climate change-induced heat stress: Assessing cool roofs and its impact 1247 
on the indoor ambient temperature of the households in the Urban slums of 1248 
Ahmedabad. Indian Journal of Occupational and Environmental Medicine, 24(1), 1249 
25. https://doi.org/10.4103/ijoem.IJOEM_120_19 1250 

Vogel, M. M., Zscheischler, J., Fischer, E. M., & Seneviratne, S. I. (2020). Development 1251 
of future heatwaves for different hazard thresholds. Journal of Geophysical 1252 
Research: Atmospheres, 125(9). https://doi.org/10.1029/2019JD032070 1253 

Wang, C.,  Soden, B. J.,  Yang, W., &  Vecchi, G. A. (2021).  Compensation between 1254 
cloud feedback and aerosol-cloud interaction in CMIP6 models. Geophysical 1255 
Research Letters,  48, e2020GL091024. https://doi.org/10.1029/2020GL091024 1256 

Wang, Z., Jiang, Y., Wan, H., Yan, J., & Zhang, X. (2017). Detection and attribution of 1257 
changes in extreme temperatures at regional scale. Journal of Climate, 30(17), 1258 
7035–7047. https://doi.org/10.1175/JCLI-D-15-0835.1 1259 

Web Desk, G. N. (2022, May 12). Heatwave alert : Sindh declares emergency to deal 1260 
with extremely hot weather. Geo News. Retrieved from 1261 
https://www.geo.tv/latest/416495-heatwave-alert-sindh-declares-emergency-to-1262 
deal-with-extremely-hot-weather 1263 

Wehner, M., Stone, D., Krishnan, H., AchutaRao, K., & Castillo, F. (2016). The deadly 1264 
combination of heat and humidity in India and Pakistan in summer 2015. Bulletin 1265 
of the American Meteorological Society, 97(12), S81–S86. 1266 
https://doi.org/10.1175/BAMS-D-16-0145.1 1267 

Wehner, M., Stone, D., Mitchell, D., Shiogama, H., Fischer, E., Graff, L. S., … 1268 
Krishnan, H. (2018). Changes in extremely hot days under stabilized 1.5 and 2.0 °C 1269 
global warming scenarios as simulated by the HAPPI multi-model ensemble. Earth 1270 
System Dynamics, 9(1), 299–311. https://doi.org/10.5194/esd-9-299-2018 1271 

Weitz, C. A., Mukhopadhyay, B., & Das, K. (2022). Individually experienced heat stress 1272 
among elderly residents of an urban slum and rural village in India. International 1273 
Journal of Biometeorology, 66(6), 1145–1162. https://doi.org/10.1007/s00484-022-1274 
02264-8 1275 

World Population Review. (2022). India Population 2022 (Live). Retrieved from 1276 
https://worldpopulationreview.com/countries/india-population 1277 

Xie, P., Chen, M., Yang, S., Yatagai, A., Hayasaka, T., Fukushima, Y., & Liu, C. 1278 
(2007). A gauge-based analysis of daily precipitation over East Asia. Journal of 1279 
Hydrometeorology, 8(3), 607–626. https://doi.org/10.1175/JHM583.1 1280 

Zachariah, M., Mondal, A., & AghaKouchak, A. (2021). Probabilistic assessment of 1281 
extreme heat stress on Indian wheat yields under climate change. Geophysical 1282 
Research Letters, 48(20), 1–12. https://doi.org/10.1029/2021GL094702 1283 

Zahid, M., & Rasul, G. (2012). Changing trends of thermal extremes in Pakistan. 1284 
Climatic Change, 113(3–4), 883–896. https://doi.org/10.1007/s10584-011-0390-4 1285 

Page 34 of 34AUTHOR SUBMITTED MANUSCRIPT - ERCL-100177.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t


