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The diurnal variation of wet bulb temperatures and
exceedance of physiological thresholds relevant to
human health in South Asia

Jenix Justine!, Joy Merwin Monteiro 23% Hardik Shah? & Neethi Rao® 4

Extreme heat is increasingly being acknowledged as a serious hazard to human health,
through a combination of physiological responses to heat, expressed as dry and wet bulb
temperatures, and personal factors. Here we present an analysis of the diurnal variability of
dry and wet bulb temperatures using station data in South Asia during both regular and
heatwave days. We find that diurnal cycles differ, with the daily maximum wet bulb tem-
perature occurring several hours after the daily maximum dry bulb temperature. Using
radiosonde profiles, we show that the timing and amplitude of the diurnal variability of wet
bulb temperature can be explained by changes in boundary layer depths and water content.
Physiological thresholds for uncompensable heat stress were exceeded even in the evenings,
many hours after dry bulb temperature peaks. Cumulative exceedances occurred in 105
instances, corresponding to at least 300 hours of exposure to uncompensable heat stress in
South Asia between 1995 and 2020. We conclude that physiologically relevant thresholds
provide a more robust way to estimate health impacts, and that wet bulb temperature alone
is insufficient as an indicator of hazardous heat.
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hazard to human health!-3, The health impacts of exposure

to extreme heat occurs due to a combination of physiolo-
gical responses to heat and other factors such as age, co-
morbidities and behavioural traits, making it difficult to quantify
the impacts of extreme heat!. Furthermore, human thermal
environments are determined by the ambient temperature,
humidity, shortwave/longwave radiation and wind speed, not all
of which are routinely and widely measured. These challenges in
quantifying both heat exposure and heat stress have resulted in
the development of a wide variety of metrics, some of which are
simply indicators of the ambient environment whereas others are
more physiologically based®~12. Temperature and humidity have
been widely and reliably measured over many decades all around
the globe, and since direct heat transfer and evaporation of sweat
are both pathways for removal of heat from the human body,
metrics that incorporate both ambient temperature and humidity
have come to be widely used to quantify heat stress.

Since sweating and resulting evaporation from the skin are the
primary mechanism for loss of heat from the body, heat stress due
to environmental conditions can be categorised as compensable or
uncompensable depending on whether the evaporative cooling
required to compensate heat gain by the body is lesser or greater
than the maximum evaporative cooling that can be provided by
the production and evaporation of sweat!3. For instance, at a given
temperature, higher levels of humidity make evaporative cooling
less efficient and reduce the body’s ability to lose heat; therefore
hot, humid environments are more likely lead to uncompensable
heat stress. It is such considerations that led to the suggestion that
an ambient wet-bulb temperature of 35 °C represents the limit of
human physiological adaptation, since it is no longer possible to
compensate for heat gain by evaporation of sweat!.

Both in current and projected future climates, South Asia
stands out as one of the hotspots of extreme heat!>~17. Further-
more, South Asia is home to a large population that is vulnerable
to increases in extreme heat!$. The Indian Meteorological
Department’s heat wave definition and thresholds were primarily
based on dry-bulb temperature (TD)!?, although recent bulletins
also provide relative humidity and wind speed. On the basis of
TD, two regions of heat wave activity are generally recognised —
one in the northwest part of the India and the adjoining Indus
river basin, and the east coast of India!®20. More recent studies
use wet-bulb temperatures (TW) as a measure of heat stress and
delineate regions that experience extreme TW in current and
future climates!>2!.

While there have been multiple studies of extreme TW
recently!>17:21.22_ studies are also needed to examine periods of
extreme TD since (as we will show in subsequent sections)

E xtreme heat is increasingly being acknowledged as a serious

e Nearly every heatwave with recorded mortality has
occurred in months with high values of extreme TD rather
than extreme TW.

e Most high impact heat waves in South Asia in recent years
were marked by extreme TD rather than TW.

Therefore, while extreme TW might be a concern in the
coming decades, understanding meteorological conditions char-
acterised by extreme TD is very relevant in the current (and likely
in the future) climate. Furthermore, recent thermal physiology
experiments?> demonstrate that uncompensable heat stress is
achieved at much lower TW than the 35°C adaptation limit!4,
and that this threshold decreases with increasing TD. From a
meteorological perspective, the above experiments imply that
understanding the relationship between the diurnal cycles of TW
and TD might suggest what times of the day are likely to be more
hazardous in terms of health impacts.

Few studies exist which actually look at health impacts of
extreme heat in South Asia, primarily due to a lack of high quality
health data?4-28. Given this lack, using physiological data to
contextualise TD and TW variability in South Asia provides an
alternative methodology to identify regions and periods that are
hazardous to human health. Furthermore, these studies represent
each day using a single value of TD (maximum, minimum or
mean)2’. While this choice is made since the response variable
(usually all-cause mortality) is also at daily resolution, ignoring
the relationship between the diurnal variability of TD and TW
makes it difficult to quantify the actual duration for which
hazardous environmental conditions exist during each day.

In this study, we document the seasonal variability of extreme
TD and TW to contextualise subsequent statistical analyses. We
document the timing of daily maximum and minimum of TD
and TW and how this timing changes during heat waves. We then
use radiosonde data to understand change in timing and ampli-
tude in terms of boundary layer heights and water content. To
understand the likely implications on human health, we con-
textualise TD and TW variability using recent thermal physio-
logical experiments which establish TD/TW combinations that
correspond to uncompensable heat stress.

Results and discussion

Monthly variability of mean and extreme TD/TW in South
Asia. Most documented heatwaves in South Asia have occurred
between the months of March-June (see Supplementary table S1
and the EM-DAT data). In fact, The top ten heatwaves in terms
of mortality in the EM-DAT database have predominantly
occurred in the months of May and June.

The distribution of mean and extreme TD and TW during the
months of March-August for South Asia is presented in Fig. 1.
This distribution shows that extreme TD peaks in May whereas
extreme TW peaks in July. Extreme TD drops dramatically in July
and August whereas extreme TW remains consistently high
between June and August. This distribution is consistent with the
timing of the onset of the monsoon over South Asia - The
monsoon onset over South India is usually in the first week of
June and covers most of South Asia by mid-July?®. The high
precipitation and cloudiness associated with the monsoon would
increase near-surface humidity (thus increasing TW) but reduce
near-surface TD. This seasonal behaviour is not sensitive to the
choice of percentile used to define extreme TD and TW. A similar
seasonal cycle is observed in the net solar radiation, with
maximum insolation in May (see supplementary fig. S1).

This seasonal distribution of TD and TW also supports the fact
that extreme TW alone is insufficient to explain the seasonal
distribution of health impacts - May exhibits lower values of
extreme TW as compared to June-August but has the highest
number recorded mortality due to heat waves. Furthermore, this
observation is also consistent with experimental work that
suggests that uncompensable heat stress occurs for relatively
lower values of TW for high values of TD?3,

While the monthly distribution of extreme TD and TW may
suggest a diminished role for extreme TW, this may not be true
for individual high-impact heatwaves. For instance, in the
analysis of the high impact heatwave in Karachi in June 2015,
it was suggested that elevated temperature and humidity were
responsible for the unprecedented mortality on the basis of the
observed heat index3). However, station data for that period
(supplementary figs. S3 and S4) shows that there was a
considerable drop in daily minimum humidity (and TW) during
the event, and the daily maximum values of humidity and TW
were otherwise close to their seasonal mean values.
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Fig. 1 Seasonal distribution of TD and TW in South Asia. The monthly distribution of the mean (panels a, b) and 95th percentile (panels ¢, d) of TD and
TW for all stations in South Asia. The whiskers represent the Ist and 99th percentile of each distribution.
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Fig. 2 Timing of TW daily maximum and minimum. The mean hour in local time at which daily maximum (a) and minimum (b) TW is reached in South
Asian stations. The lighter colours represent hours close to noon (hot times of the day) whereas the darker colours represent cooler times of the day.

Analysis of station data from coastal Andhra Pradesh
(supplementary figs. S5 and S6) also shows that high impact
events in this region were also characterised by elevated TD
rather than elevated TW. Extreme TW exceeding 30 °C (and for
very brief periods exceeding 35 °C) have been observed in some
parts of South Asial”2!, but they do not seem to occur during
years of high documented mortality. Heat related morbidity is
poorly documented in South Asia, and we were able to find only
one such study’l; It may be possible that extreme TW
experienced in South Asia contributes to the morbidity rather
than mortality burden.

As discussed in this section, high impact heatwaves appear to
be associated with very high daily maximum TD, unchanged daily
maximum TW and a drop in daily minimum TW. While the
changes in the diurnal cycle of TD during heatwaves have been
analysed previously>?33, a similar analysis for TW, and its
relationship with TD have not been documented. In the

subsequent sections, we document and attempt to explain two
features - the timing and amplitude - of the diurnal cycle of TW
in South Asia.

Timing of the diurnal cycle of TW. The timing of daily max-
imum and minimum TW is presented in Fig. 2. The majority of
stations in South Asia exhibit the same pattern - the daily
maximum TW occurs early in the morning or late in the evening
whereas the daily minimum occurs closer to noon. Regions that
are a noticeable exception to this pattern are a cluster of stations
in the north-east of India and along the west coast of India. This
pattern persists during heatwaves as well, with the timing of daily
maximum TW getting further concentrated into the cooler times
of day and vice versa (see supplementary fig. S7). This phasing
can be explained by looking at boundary layer (BL) heights and
water vapour content. In coastal stations, BL water vapour
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content is nearly constant through the day whereas BL heights are
highest during the warmest times of the day and become shallow
as the land surface cools down. Thus, the ratio of BL water vapour
to height increases during the cooler times of the day (see sup-
plementary fig. S11). Assuming a well-mixed boundary layer, this
relationship between BL height and water vapour implies that
near-surface humidity (and therefore TW) is highest during the
cooler times of the day. A similar analysis in stations away from
the coast shows that though BL water vapour and height both
increase during the day, the ratio of BL water vapour to height
reduces due to a larger relative change in BL heights as compared
to water vapour (see supplementary fig. S12. While data from
only two stations are presented in the supplementary material, we
have analysed data from all stations across South Asia which have
sufficient observations.). As a result, again the highest TW is
experienced in the coolest times of the day. Note that TW is
relatively insensitive to changes in TD2, and therefore changes in
TW closely mirror changes in specific humidity.

Given the experimental evidence for the dependence of critical
TW on TD in the context of uncompensable heat stress23, the
significance of extremely high TW (which occurs in the coolest
times of the day) in the context of human health is unclear; we
will return to this issue in the subsequent section.

Amplitude of the diurnal cycle of TW. The change in amplitude
of the diurnal cycle can occur either due to an increase in the
daily maximum TW or reduction in the daily minimum TW or
both. Figure 3 shows the relationship between the monthly mean
and standard deviation of daily maximum and minimum TW for
all stations in South Asia. Both quantities show an inverse rela-
tionship to the mean value, with stations that are more humid on
average exhibiting lower variability in TW. This inverse rela-
tionship implies that stations with a higher mean humidity (such
as those on the coasts) have smaller variability in the amplitude of
the diurnal cycle of TW.

The daily minimum TW shows consistently higher variability
across all bins as compared to the daily maximum. The lower
variability of daily maximum TW suggests energetic and/or water
availability constraints might cap this variability, though a detailed
analysis is out of the scope of this work. For the stations with the
highest mean TW (which are more likely to experience harmful
values of TW), the low variability of daily maximum TW implies
that even extreme values of TW are in fact very close to the
median value. In summary, Fig. 3 shows that on average, the
amplitude of TW diurnal variability reduces with increasing mean
TW, and that amplitude of the diurnal cycle of TW is mainly
controlled by the daily minimum TW as the mean TW increases.

Changes to the diurnal cycle of TW during heatwaves. While
the previous figure shows that daily maximum TW is more tightly
distributed about the mean as compared to the daily minimum, it
is unclear if this relationship holds true during heatwaves (i.e, in
the tail of the distribution).

Figure 4 presents the change in the diurnal range of TW during
extreme days as compared to the change in daily maximum and
minimum TW. Remarkably, the majority of stations exhibit very
little change in the daily maximum TW, and the diurnal range is
almost entirely accounted for by changes in daily minimum TW,
which as we have seen occurs during the hottest times of the day.
In contrast with the overall picture presented in Fig. 3, the
amplification of the diurnal cycle of TW during heatwaves does
not exhibit any clear relationship with the mean TW.

A first order explanation of the observed changes in the diurnal
range during heatwave days can be obtained by examining the
changes in BL properties. The distribution of BL heights and water
vapour content during regular and extreme days presented in Fig. 5
suggests that a strong amplification of the diurnal cycle of TW
occurs in stations whose BL water vapour content shows a smaller
increase (0.160, p<0.02 in a two sample t-test) relative to the
increase BL heights (0.570, p < 1072 in a two sample t-test) during
heatwaves. Therefore, the same amount of water vapour is mixed
through a greater height, resulting in a reduction of near-surface
TW, which is very sensitive to changes in water vapour. Conversely,
stations which show a smaller amplification of the diurnal cycle
have a smaller increase in BL heights and larger increase in water
vapour content during heat waves (0.48¢ and 0.59¢ for BL height
and water vapour respectively, see supplementary fig. S13). This
contrast in behaviour suggests that the diurnal cycle of TW is
strongly amplified in locations where the additional energy added to
the atmosphere during heatwaves is unable to elicit a corresponding
response in terms of latent heat fluxes, which is also dependent on
land surface properties’®. Alternatively, boundary layer water
vapour could controlled by other factors such as land-sea breezes.

Timing of critical TW exceedances and public health impli-
cations. The hour of day when critical TW thresholds are
exceeded are presented in Fig. 6. Of the few instances when the
absolute thresholds were exceeded, and the highest number of
these occur in the evening at 6 p.m., close to sunset. This is a
direct result of the phase difference between the diurnal cycles of
TD and TW: TW rapidly rises from its daily minimum value
around noon, and there is a time when falling TD and rising TW
coincide to exceed critical TW thresholds. As the threshold is
reduced (to account for increased susceptibility to heat stress in
certain individuals, see “Discussion” in subsection 4.5), the hour
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of maximum exceedance shifts to 3 p.m. (close to the warmest
time of the day), but the sum of the noon (12 p.m.) and evening
(6 p.m.) exceedances are still larger than those during 2 p.m. It is
important to note here that threshold exceedances rarely, if ever
occur during the time of daily maximum TW. This is because
while TW continues to increase into the night, TD decreases and
the combination of TD and TW no longer exceed the critical
thresholds. Therefore, our results suggest that health-oriented
analyses may benefit from focusing on physiological threshold
exceedances which are a combination of TD and TW, and likely
to contribute more to mortality than extreme TD or TW alone.
We reiterate that these thresholds are mainly used as indicators in
our study, and more research is required to identify thresholds for
South Asian populations.

Spatial pattern of TD/TW exceedances. The spatial pattern of
TW exceedances for the entire time period (1995-2020) is pre-
sented in Fig. 7. Most of the absolute exceedances occur in
Pakistan’s Sindh region, a region known for extreme TW and
TD?2!. Reducing the critical TW thresholds suggests that stations
close to critical TW threshold exceedance are concentrated along

the east coast of India and the Indus river basin in Pakistan. The
spatial pattern of 80% critical TW exceedance is useful to identify
regional hotspots: east coast of India (not the west coast, though it
has similar values of mean and extreme TW, see supplementary
fig. S8) during May and the Indus and Gangetic plains in Pakistan
and India respectively during June. This shift in the pattern
northwards likely reflects the seasonality of the monsoon onset,
which occurs over north India and Pakistan only by the end of
June resulting in higher humidity and temperatures in these
regions in June rather than May (see supplementary fig. S8).
These exceedances also correspond well with the fact that high
impact heatwaves usually occur in May along the east coast of
India and in June in north India and Pakistan (see EM-DAT data
in supplementary material). Central India and northwestern parts
of India don’t experience many instances of TW exceedance, even
though they experience some of the most extreme TD in the
region (see supplementary fig. S8). Exceedances during individual
high impact heatwaves in South Asia are also high in regions that
have experienced high mortality (see supplementary fig. S9),
though there are variations which are likely due to non-climatic
factors such as differences in reporting, preparedness, population
vulnerability.

Conclusion

The impacts of extreme heat on human health are beginning to be
well understood, and the mechanisms through which heat affects
human health are recognised®3°. In this work, we integrate
experimental studies of the impact of heat on human physiology
with the analysis of the diurnal cycle of TW to complement
existing epidemiological studies on heat and health.

We show that the timing and amplitude of the diurnal cycle of
TW are quite different from that of TD. While a detailed analysis
of the mechanisms governing these features is beyond the scope
of this work, we show that relative changes in BL heights and
water vapour content provide a first order explanation for the
observed phase and amplitude of the TW diurnal cycle. Our
analysis suggests that the phase difference between TD and TW is
important in the occurrence of critical TW threshold crossings,
especially during heatwaves; any shift in phase from the nearly
anticorrelated diurnal cycles of TD and TW will result in an
increase of instances when critical TW thresholds are exceeded.
Thus, the physical mechanisms governing the TW diurnal cycle
are as important to understand as the mechanisms governing the
occurrence of extreme TW?30-38,

Since the initial work exploring the relationship between TW
and limits to human adaptation!4, there has been renewed
interest in studying TW within the climate science community,
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Fig. 6 Timing of exceedance of physiological thresholds. The number of instances of critical TW exceedances over the day. The x-axis represents hour of
day in local time. Only the results from May and June are presented since they exhibit the largest number of exceedances in South Asia.

and multiple studies following it have explored mechanisms and
processes leading to extreme TW globally!>17:21:2230.38  The
regions of extreme TW that were identified in these studies within
South Asia are quite similar to those identified in our own ana-
lysis. While these regions are indeed characterised by high cli-
matological TW, they are not characterised by elevated TW when
high-impact heatwaves occurred (i.e., >1000 deaths). In these
instances, we observe a reduction in daily minimum TW, leading
to a daily mean TW value that is actually lower than the average.
In the hot, dry conditions experienced during high-impact
heatwaves, evaporative cooling is limited by physiological
mechanisms such as the ability to produce sweat!3. Therefore,
dehydration and improper thermoregulation can lead to
uncompensable heat stress even if TW is low. On the other hand,
when ambient TW is high, evaporative cooling is limited by the
atmosphere’s ability to accept additional water vapour. In such
conditions, extreme TW can likely be a reliable indicator of health
impacts. While concern is rising regarding the health impacts of
extreme TW (the recent IPCC report specifically mentions TW
and South Asia3), most epidemiological studies in South Asia®’
use TD as a predictor and find significant association between TD
and mortality. Our results show how the relationship of the
diurnal cycles of TD and TW in South Asia and experimentally
derived physiological thresholds help reconcile these seemingly
contradictory viewpoints*. Furthermore, by focusing on phy-
siological thresholds rather than meteorological indicators, we
were able to find that hazardous conditions can occur at times
much removed from the time of either daily max TD or TW12.

Our results suggest that caution must be exercised while using
reanalysis and climate model outputs to understand heat stress in
current and future climates. Projections based on daily or

monthly mean values must be appropriately qualified since they
average over the diurnal cycle. For example, if we compute
instances of absolute threshold exceedance using daily mean TD
and TW for the current dataset, we observe exceedance on only
three days as compared to eighty days when we use sub-daily
data. Furthermore, it must be verified whether reanalysis products
can capture the amplitude of the diurnal cycle of TW adequately,
especially during heatwaves. If the amplification of the diurnal
cycle is muted, this could mean that the modelled daily minimum
value of TW is higher than observations, and the likelihood of
exceedance will correspondingly increase.

The spatial distribution of critical TW exceedance shows clear
hotspots, and it is worth noting that this spatial distribution of
exceedance of physiological thresholds matches well with the
state-wise distribution of mortality reported in India (see sup-
plementary fig. S9). Given the paucity of high quality, long term
health data in South Asia which is essential for epidemiological
analyses, studies to identify appropriate critical physiological
thresholds for South Asian populations combined with high
resolution station data could provide important insight into the
burden of heat stress in South Asia and help identify hotspots.
Therefore, we suggest that it is important to improve the spatial
and temporal resolution of meteorological observations to help
identify potential hotspots for enhanced public health
monitoring.

The timing of critical TW exceedance has implications for
public health communication during heatwaves which usually
advise against physical activity during the hours of peak heat,
which are usually in the afternoons?!. The fact that critical TW
exceedance is also observed later in the evening (and sometimes
at night) must also be reflected in public health messaging. Heat
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Fig. 7 Spatial distribution of frequency of exceedance of physiological thresholds. The spatial patterns of threshold TW exceedance in South Asia for
different months. Both the colour of the dots as well as their size indicate the magnitude of number of exceedances at each station.

adaptation policies have to become more holistic, considering
activity and exposure over the whole day rather than focusing on
certain hours of the day. Such policies could take into account
location (e.g., workplace, school or home), timing and duration of
exposure to uncompensable heat stress while devising appropriate
public health strategies.

A key limitation of our analysis is that the physiological
thresholds were determined using subjects who are unlikely to be
representative of the South Asian population. Nevertheless, we

believe that the analysis still is informative and instructive and
points to the need for such thermal physiology studies in South
Asia. We use station data since it represents actual measurements
rather than model-derived data; However, this limited our ana-
lysis to three-hourly resolution which might underestimate the
actual exposure to hazardous levels of heat. Furthermore, since
station data is present only at a few locations all over South Asia,
we could only present broad regional patterns and could have
missed locations with potentially higher exposure to hazardous
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levels of heat. Gridded datasets, after careful verification of the
diurnal cycles of TD and TW, are likely to provide better spatial
and temporal coverage. Understanding the relationship between
the diurnal cycles of TD and TW, physiological thresholds and
epidemiological dose-response curves also provides a promising
avenue for future research.

In conclusion, we advocate for a more mechanistic under-
standing of both the diurnal cycles of TD and TW and the
impacts of heat on human physiology!242 as the way forward for
designing climate adaptation strategies to heat in a warming
climate.

Data and methods

Our analysis is restricted to the months of March-June since this
is the heatwave season in South Asia (see Fig. 1). For reasons
discussed in subsequent sections, we choose to select heatwave
days based only on TD and not TW. We define regular days as
those when the daily maximum TD lies between the 47.5th and
52.5th percentiles (i.e, close the the median value) and extreme
days (i.e, heatwave days) as those when the daily maximum TD
exceeds the 95th percentile. This calculation was done separately
for each station and each of the four months.

Data. Station-level surface data from the Hadley Centre Inte-
grated Surface Database (HadISD version 3.1.1.202006p;*3) was
used to obtain temperature, relative humidity and surface pres-
sure data for stations in South Asia. HadISD is a quality con-
trolled sub daily dataset for various surface meteorological
variables from 1950 till present. All stations from South Asia
(Bangladesh, India and Pakistan) which had at least 6 hourly data
for the time period 1995 until 2020 were selected (i.e, at least
12,200 observations). This selected 77 stations across South Asia,
of which 55 stations had in excess of 20,000 observations, indi-
cating nearly 3 hourly resolution for the entire duration of the
analysis. For all stations, all available data was used which implies
that there could be an underestimation of instances of high TD/
TW in stations with lesser observations. Air temperature, dew
point temperature and station level pressure were extracted and
wet-bulb temperature was computed by solving the full nonlinear
equation for adiabatic saturation temperature without any
approximations?!.

The Integrated Global Radiosonde Archive*4*> dataset was
used to estimate boundary layer height and water vapour.
Boundary layer height was estimated as the height of the top of
inversion in the presence of surface-based inversions, and using
the Parcel Method (based on Virtual Potential Temperature) for
other instances®. Where surface readings were absent, the next
available reading was used if present within 500m of the surface.
The mass of water vapour contained in the boundary layer was
calculated as a mass-weighted integral of specific humidity over
the entire boundary layer. Soundings which did not include valid
values of dewpoint or air temperature below 500hPa were
discarded. Then, stations with greater than 65% available data
over the time period of interest were filtered and days with
multiple valid soundings were retained. The last filter of multiple
soundings per day was applied so that at least one of the
soundings would be close to the time of of daily max TD. For
analysing the timing of the diurnal cycle of TW, all the above
filters except for the last one were applied for selecting stations.

Out of a total of 113 South Asian (Bangladesh, India and
Pakistan) Integrated Global Radiosonde Archive stations, 72 were
mapped to HadISD stations based on a maximum distance of 30
kilometres. Out of these, 37 stations met the data availability
criteria above, for the time period 1995 until 2020. For these
stations, only the vertical soundings that were available at within

an hour of the corresponding surface measurements were
retained. This resulted in 10 station mappings with at least
6 hourly data. Some of these mappings made available data at
3 hourly resolution. Such data was used at the original time
resolution and not subsampled. During one or more of the
premonsoon months, all 10 of these stations saw a reduction in
near-surface TW during times of extreme daily max TD. During
other months, 5 of these stations saw a very small reduction in
near-surface TW. Accordingly, 10 and 5 stations were used for
evaluating boundary layer property changes under strong and
weak amplifications of the diurnal cycle, respectively.

Health Impacts. Identification of high impact heatwaves was
done using mortality data recorded during heatwaves in the
Emergency Events Database (EM-DAT)* and corroborating
press reports (see supplementary table S1). EM-DAT provides
information about the country, regions affected and location
(where available) of natural and techonological disasters. For each
such disaster, the type of disaster, mortality numbers as well as
the start and end date is listed. EM-DAT is a country-level
database, and therefore mortality is not spatially disaggregated by
region for each disaster, but each country has a separate entry.
For more details about EM-DAT, we refer the reader to https://
www.emdat.be/guidelines. To obtain large-scale spatial patterns
of mortality, annual mortality during heat waves for India was
retrieved from the Open Government Data India portal*® and the
National Crime Records Bureau®®. The data was available for
2001-2018 across India which was then used for comparison
between patterns of critical TW exceedance and mortality.

Meteorological conditions during high impact heat waves. We
selected heatwaves that reported high mortality (more than a
thousand recorded deaths) since 1995 using the EM-DAT data-
base. This threshold selects for heatwaves that occurred in 1998,
2002, 2003 and 2015.

To study the meteorological conditions during these high-
impact events, we chose to analyse data from stations located in
regions that were severely affected. Andhra Pradesh is a region in
India that was affected in all of these heatwaves based on the EM-
DAT database as well as newspaper reports (supplementary
table S1). The city of Karachi in Pakistan exceeded a thousand
deaths in June 2015 and suffered a less severe heatwave in 2018.
Based on this selection procedure, we chose to analyse station
data from Karachi in Pakistan and a few stations from coastal
Andhra Pradesh (see supplementary fig. S2 for the stations used)
in India.

We note that our subsequent analysis of the diurnal cycle of
TW includes all extreme days between 1995-2020 and not just
these high impact events. We will show in subsequent sections
that the TD/TW variability exhibited during these heatwaves is
representative of the variability observed in many other stations
in South Asia.

Diurnal cycle of TW. We attempt to understand the diurnal cycle
of TW by looking at the variability of daily maximum and
minimum TW separately.

To study the climatological relationship between the mean and
standard deviation of TW, we bin stations based on their monthly
mean TW using intervals of 5 degrees Celsius. Since our analysis
includes 4 months, each station contributes four values to this
analysis based on each month’s mean TW. We then compute the
standard deviation of daily maximum and minimum TW for each
station for each bin to obtain a distribution of the standard
deviation of TW across all stations in South Asia conditioned on
the monthly mean TW.
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TD 36°C
™ 30.34°C

38°C
30.96°C

40°C

Table 1 TD and TW values associated with uncompensable heat stress in thermal physiological experiments23:52,

30.45°C

44.04°C
27.82°C

47.48°C
27.32°C

50.57°C
25.75°C

To study the change in daily maximum and minimum TW
during heatwaves, the median value of daily maximum (med-
ian(TWmax)) and minimum TW (median(TWmin)) was
computed for both regular and extreme days for each month.
The diurnal range for regular and extreme days was computed as
the difference between the median values of daily maximum and
daily minimum values during regular and extreme days
respectively (Diurnal range = median(TWmax) — median(TW-
min)). Our conclusions do not change if we use the median of the
difference between the daily maximum and minimum TW instead
(i.e, median(TWmax — TWmin)). For each station and for each
month, we define the change in the daily maximum, daily
minimum and diurnal range of TW as the difference between the
respective median values during regular and extreme days (for
example, change(TWmax) = median(TWmax) during extreme
days — median(TWmax) during regular days). By construction,
the change in the diurnal range is equal to the sum of the change
in the median daily maximum TW and median daily minimum
TW. This definition implies that if the change in diurnal range is
equal to change in daily minimum TW, the entire change in
diurnal range is explained by the change in daily minimum TW,
with the daily maximum TW remaining relatively unchanged.

To study the changes in boundary layer properties, we compute
boundary layer (BL) heights and water vapour content as
described previously for regular and extreme days. We then
compute the mean and standard deviation of the BL heights and
water vapour content and use these to normalise the individual
observations by subtracting the mean and dividing by the
standard deviation.

Critical TW exceedance in South Asia. In order to estimate
likely health impacts, we used results from a thermal physiolo-
gical study?® which looked at the relationship between ambient
wet and dry bulb temperatures and uncompensable heat stress —
they used a heat chamber to directly measure the ambient TD and
TW at which young, healthy, adult subjects experience uncom-
pensable heat stress. We use their experimentally determined
critical TW thresholds along with station data to calculate the
number of instances when the combination of TD and TW were
likely harmful to human health. For completeness, the threshold
values from six different experiments reported in the above study
are reproduced in Table 1. Since the lowest TD for which critical
TW is available is 36 °C, we only consider instances with TD >
36 °C for our analysis. For TD > 50.57 °C the critical TW is taken
to be constant at 25.75 °C, but since these values of TD are rarely
reached, they are unlikely to change the overall picture presented
subsequently.

These experiments were conducted in North America, and how
these thresholds might change for an acclimatised South Asian
population is unclear - they may be higher under similar
conditions. Taking into account the effects of heat acclimation/
acclimatisation is important especially in the context of the
current study since it has been shown that the impacts of heat
acclimation are most evident when experiencing conditions of
uncompensable heat stress°®. However, it must be kept in mind
that seasonal heat acclimatisation is a passive process and the
magnitude of physiological adaptations that occur during this
process are influenced by severity of the ambient thermal
environment, timing and duration of environmental exposures

as well as duration and intensity of outdoor physical activity>!.
Additionally, there are other reasons to suggest that lower values
of TW may also be harmful:

e The experiments were conducted indoors, and the absorp-
tion of shortwave and longwave radiation is likely to
increase the total heat exposure.

e The volunteers in the experiments were young healthy
adults, and it is known that the risk of mortality in older
persons and those with co-morbidities such as cardiovas-
cular disease and respiratory illnesses are higher.

e The experimental protocol required study participants to be
optimally hydrated before starting the experiment®>°3, In
contrast, A recent survey of labourers in India showed that
dehydration was common among the working population3!.
Cardiovascular function is impaired when dehydration is
coupled with exposure to high temperatures®*, and heat
exhaustion sets in at lower absolute core temperatures (and
for smaller changes in core temperature) in heat acclima-
tised individuals who are dehydrated®>. Furthermore, it has
been suggested that hypohydration negates the thermo-
regulation advantages conferred by heat acclimatisation®®.

Given these considerations, we not only look for absolute
exceedances, but also exceedances of 0.95, 0.9 and 0.8 times the
experimentally determined values. For every pair of TD and TW,
we first compute the critical TW for the observed TD by linearly
interpolating between the nearest two TD values from the
experimental data. We then compare the critical TW (and its
scaled versions) with the observed TW to compute the
exceedances presented subsequently.

Data availability

The climate data used in this manuscript are available from the HadISD database
(https://www.metoffice.gov.uk/hadobs/hadisd/), IGRA database (https://www.ncei.noaa.
gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00975) and ERA5
database (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels). Mortality data attributed to heatwaves for India was obtained from the Open
Government Data Portal (https://data.gov.in/) and the National Crime Records Bureau
(https://ncrb.gov.in/), while aggregated mortality by country for South Asia is available
from the EM-DAT database (https://www.emdat.be/). The links to individual press
reports is provided in the supplementary material.

Code availability
For data processing and generating figures, we have used the Python libraries xarray®’,
matplotlib%, pandas®, cartopy and numpy®?.
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