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Abstract

Heatwaves have become more frequent and intense due to anthropogenic global warming
and have serious and potentially life-threatening impacts on human health, particularly for
people over 65 years old. While a range of studies examine heatwave exposures, few
cover the whole globe and very few cover key areas in Africa, South America, and East
Asia. By using global gridded climate reanalysis, population, and demographic data, this
work analyses trends in change in exposure of vulnerable populations to heatwaves,
providing global and per-country aggregate statistics. The difference between the global
mean of heatwave indexes and the mean weighted by vulnerable population found that
these populations are experiencing up to five times the number of heatwave days relative
to the global average. The total exposures, measured in person-days of heatwave,
highlight the combined effect of increased heatwaves and aging populations. In China
and India, heatwave exposure increased by an average of 508 million person-days per
year in the last decade. Mapping of changes per country highlighted significant exposure
increases, particularly in the Middle East and in South East Asia. Major disparities were
found between the heatwave exposures, country income group, and country health system
capacity, thus highlighting the significant inequalities in global warming impacts and
response capacities with respect to health across countries. It is therefore of prime
importance that health development and response are coordinated with climate change
mitigation and adaptation work.
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1 Introduction

Anthropogenic global warming is driving an observed increase in the frequency, intensity, and
duration of global heatwaves and warm spells, with these trends projected to continue in the
future (IPCC 2013a; Perkins-Kirkpatrick and Gibson 2017; Perkins et al. 2012). The World
Health Organization (WHO) has identified climate change as a global risk factor for health
(WHO 2009), with heatwaves presenting a particularly acute risk. Furthermore, vulnerability
to heatwaves is not uniform—certain age groups are more susceptible to ill effects, while other
factors including prevalence of certain diseases, condition of infrastructure, and health system
status all contribute to the overall risk factor (Watts et al. 2019, 2018, 2017, 2016).

1.1 Health impacts of heatwaves

Heatwaves have been shown to have serious and potentially life-threatening impacts on human
health (Anderson and Bell 2009; Basu and Samet 2002; Campbell et al. 2018; Hajat and
Kosatky 2010; Krau 2013), with specific events noted as public health disasters such as in
Chicago during July 1995 and in France during August 2003 (Krau 2013). High temperatures
can cause heat stroke, heat exhaustion, heat syncope, and heat cramps, with heat stroke being
particularly associated with sedentary elderly people (Kilbourne 1997). It has been observed
that health effects increase as temperatures rise above certain heatwave thresholds (Lin et al.
2009). Although there is evidence of acclimatisation to local hot climates, all persons are
negatively affected by temperatures in the extreme percentiles of their local climatologies
(Anderson and Bell 2009), with statistically significant effects on mortality when temperatures
surpass the 99th percentile even in locations which display evidence of adaptation to
heatwaves (Gasparrini et al. 2015a). It has been noted that high night-time (minimum)
temperatures in particular have high health impacts because of a lack of night-time relief from
excessive heat, which would allow the human body to rest and recover from heat stress (Smith
and Levermore 2008; Watts et al. 2015).

The health risks associated with heatwaves have been shown to be higher for certain groups
of people. Increased risk has been associated with those living in urban areas (with high
population density), possible due to urban heat island effects (Basu and Samet 2002; Watts
et al. 2018). Persons with pre-existing cardiovascular and chronic respiratory conditions, as
well as those with diabetes, have been found to have higher mortality due to heatwaves
(mainly due to stress on the cardiovascular and respiratory systems) (Basu and Samet 2002;
Gasparrini et al. 2015b; Kenney and Hodgson 1987). Older persons, generally identified in
studies as those over 65 years old, are also at increased risk (Anand and Bérnighausen 2007,
Campbell et al. 2018; Guo et al. 2017; Li et al. 2015; Oudin Astrém et al. 2011). Causes for
this include their lower ability to thermoregulate body temperatures (Basu and Samet 2002;
Kenney and Hodgson 1987), the prevalence of the aforementioned pre-existing medical
conditions within this age group, and possibly increased social isolation which has been
identified as a risk factor (Buscail et al. 2012).

Studies have considered the health impacts of past heatwaves by comparing health out-
comes from heatwave events with local or global heatwave indexes. In general, this has been
performed for a selection of cities or regions (Anderson and Bell 2009; Campbell et al. 2018;
Li et al. 2015; Russo et al. 2015; Scalley et al. 2015; Zhao et al. 2019, 2018) or by collecting
many individual studies (Mora et al. 2017). Guo et al. (2018, 2017) combined mortality and
climate data to estimate heatwave impacts for 412 communities in 20 regions.
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However, while there has been extensive research on heatwaves and health in Europe,
North America, and Australia, significant geographical areas have limited coverage. For
example, in reviews of case studies, by Campbell et al. (2018) and Mora et al. (2017), four
studies were found for Africa and seven for South America. More recent works include studies
for South Africa (Wright et al. 2019) Senegal (Sarr et al. 2019), and Brazil (Zhao et al. 2018).
The dataset developed by Guo et al. (2018) included no data for Africa and limited data for
Brazil, Chile, and Columbia. In these regions, data challenges currently make it difficult to
estimate deaths attributable to heatwaves (Wright et al. 2019). Gaps in coverage mean that at-
risk areas may not be identified and make it difficult to compare trends globally. Using a case-
study based methodology limits the geographic coverage.

Campbell et al. (2018) highlighted that areas with the least coverage also have lower wealth
per adult, while Herold et al. (2017) found that temperature extremes increased more in low-
versus high-income countries. Numerous studies show evidence that countries with lower
levels of wealth tend to have reduced numbers of health workers, which leads to worse health
outcomes (Anand and Bérnighausen 2007; Speybroeck et al. 2006). WHO regions with poor
coverage of heatwave impact studies also have lower numbers of health workers per popula-
tion, notably the Africa region with an average of 2.5 medical doctors per 10,000 people
(compared with 34 per 10,000 for the Europe region). Indeed, Guo et al. (2016) found a
decrease in heatwave-related mortality over the period 1993-2006 in Australia, Canada, Japan,
South Korea, Spain, the UK, and the USA, which all have high numbers of health workers and
therefore the capacity to develop improved heatwave response measures. This highlights the
need for research covering underserved regions.

1.2 Heatwave indicators

No single internationally accepted definition of heatwave index exists. The World
Meteorological Organization (WMO), following a survey of country practices, suggests
heatwaves be defined as “A marked unusual hot weather (Max, Min and daily average)
over a region persisting at least two consecutive days during the hot period of the year
based on local climatological conditions, with thermal conditions recorded above given
thresholds” (WMO 2015).

Existing heatwave indexes follow the WMO guideline but differ significantly in the details,
such as the thresholds (number of days required, threshold values or percentiles, normalisation
approach). A range of climate extreme indicators have been proposed by the Expert Team on
Climate Change Detection and Indices, notably the warm spell duration indicator (WSDI)
defined as count of days part of a 6-day window when maximum temperature is above the 90th
percentile. Maximum temperature has been used to define heatwave conditions as it approx-
imates the maximum thermal stress on the body (Basagaia et al. 2011; Campbell et al. 2018;
Kilbourne 1997; Perkins 2015). However, a study of mortality during the 2003 Paris heatwave
found that high minimum temperature had more impact on increased probability of death in
people over 65 than mean or maximum temperatures (Laaidi et al. 2012; Xu et al. 2018),
highlighting the importance of night-time respite for the body to recover during heatwave
periods (Basu and Samet 2002).

In the author’s previous work by Watts et al. (2017, 2018, 2019), a heatwave was defined as
a period of four or more days at a given location where the minimum daily temperature was
greater than the 99th percentile of the distribution of minimum daily temperature at that
location over the 1986-2005 reference period for the summer months (June, July, August in
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the northern hemisphere, December, January, February in the southern hemisphere). However,
this definition may fail to suitably reflect conditions in countries or regions where the hottest
months do not coincide with the summer period defined above, for example northern India
typically experiences its yearly maximum temperatures in May.

There are several aspects of heatwaves to be measured such as frequency, length, and
magnitude, and there are any number of formulations of indexes to measure these (Perkins
2015). With respect to health, there is a need to determine from what duration of heatwave the
effects start to be felt. Epidemiological evidence found that a run of at least three consecutive
days of high temperatures was associated with increased mortality (Basu and Samet 2002;
Nairn and Fawcett 2013). Furthermore, heatwave indexes based on local temperature percen-
tiles, rather than absolute thresholds, are more relevant because they can be applied globally
and also help reflect a degree of local acclimatisation to regional conditions (Nairn and Fawcett
2013; Perkins 2015). These factors have notably been considered in the Australian Bureau of
Meteorology’s heatwave indicators for Australia (Nairn and Fawcett 2013).

1.3 Research aims

Previous studies were not able to assess heatwave impacts in all locations, which is mainly due
to the use of case-study based methods which limit their geographic scope. They are therefore
limited in giving a global overview, particularly for lower-income countries which have been
shown to be more exposed to increasing temperature extremes.

This study aims at providing a global and cross-country analysis of exposure of vulnerable
persons to heatwaves. We build on our previous work in the Lancet Climate Countdown,
which developed indicators of heatwave health risk through the exposure of persons over 65 to
change in heatwaves based on global climate and demographic datasets (Watts et al. 2015,
2016, 2017, 2018). This study aims at further exploring the factors of vulnerability and
variation of vulnerability across countries by combining heatwave exposure with country
wealth and health system metrics. Global and per-country values are presented to assess the
variability in heatwave exposure across different regions.

2 Methods

This section presents the definitions of the heatwave indices used for the study and the method
of calculating the change and trends. The method combines heatwave indexes with global
population, demographic, and health data covering the period from 1980 to 2018. This enables
a global and cross-country analysis of heatwave exposure trends among vulnerable people.
Table 1 summarises the datasets used; further details are given in the following section. The
method was implemented in Python using the Xarray package (Hoyer and Hamman 2016).
Note: a grid cell in the rectangular gridded data is denoted by its coordinates (7, /).

2.1 Datasets
2.1.1 Climate data

This work used climate reanalysis data from the ERA-5 project at 0.5° grid resolution for the years
1980-2018. Temperature at 2 m from the earth’s surface was acquired at hourly time resolution,
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Table 1 Summary of datasets used

Data source Description Spatial Time coverage Time Variables
resolution resolution
ERA-5 Global weather 0.5° grid 19802018 Hourly Temperature at surface

reanalysis data
NASA GPWv4  Global population data  0.5° grid  2000-2018; 2010  Yearly Population total and by

(demographics) age band
ISIMIP Global population data  0.5° grid  1950-2010 Yearly Population total
UN WPP Demographic data Country 19502018 Yearly Population by age
band
WHO Health metrics Country  Various Yearly Doctors per 10,000
persons
World Bank Socioeconomic metrics Country  Various Yearly Income group

and daily summaries of mean, min, and max temperature were generated from the hourly data.
Percentiles of mean, min, and max temperature were computed for the period 1986-2005. The
daily values and percentiles are available as open access datasets' (Chambers 2019a, b).

2.1.2 Population

Gridded population and demographic data at 0.5° grid resolution were obtained from the
NASA Socioeconomic Data and Applications Center (SEDAC) Global Population of the
World version 4 (GPWv4) (NASA SEDAC and CIESIN 2016) for the years 2000-2018.
For the years 1980-2000, historical 0.5° resolution population data from the Inter-Sectoral
Impact Model Intercomparison Project (ISIMIP) were used (Goldewijk et al. 2017). These
datasets were readily combined as they share a common coordinate system and it was found
that population totals were continuous across them.

2.1.3 Demographics

NASA SEDAC GPWv4 provided gridded demographic data for 2010 as a set of grids of total
population per 5-year age band. The UN World Population Program (WPP) provides country-
level demographic statistics for 1950 onwards (extended through modelling until 2100), and
the values for the median scenario were retained (UN 2019). The gridded demographic data
was adjusted for each year from 1980 to 2018 such that the mean demographic distribution for
the grid cells corresponding to each country matched the country-level values. This allowed to
maintain the high spatial resolution data from 2010 for all years studied, under the simplifying
assumption that the relative spatial distribution of population for each age band within each
country remained approximately constant. This was achieved as follows:

*  The GPWv4 gridded demographic age band totals per grid cell for 2010 were converted to
fractions such that the sum over age bands per grid cell equals 1.

*  The WPP demographic age band totals per country per year were converted into fractions
per age band per year, such that the sum over age bands per country per year equals 1.

* For each country, the appropriate section of gridded data was selected using the gridded
country codes provided by the GPWv4 dataset.

! https://zenodo.org/record/3403951; https://zenodo.org/record/3403963
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* For each year, for each 5-year age band, the ratio (‘)’flgc of the fraction per age band for that

year to the fraction per age band for 2010 was calculated (Eq. 1).

0% = f3¥°/ 3010 (1)

* To obtain the adjusted grid cell value, the value for 2010 was multiplied by ¢, for each

age

year for each grid cell (Eq. 2).

age age
fylj 6agef20104i.j (2)

* The output grids of fraction of population per age band for each year were assembled by
merging the individual grids for each country.

For each year, the total population over 65 per grid cell Pﬁf;t was calculated using Eq. 3:

65+ 65+ tt]
Vlj fylj x }Olaj (3)

2.1.4 Health and economic data

Country-level health metrics were obtained from the WHO Global Health Observatory data
repository (“WHO Global Health Observatory,” 2019) and associated with other country data.
World Bank Income groups (low income, lower-middle income, upper-middle income, high
income) were associated with each country (World Bank 2018).

2.2 Definition of heatwave indexes

In this work, a heatwave was defined as a period of 4 or more days at a given location where
the minimum daily temperature was greater than the 99th percentile of the distribution of
minimum daily temperatures at that location for all months of the year over the 1986-2005
baseline period (thereby relaxing the restriction to summer months used in (Watts et al. 2019,
2018, 2017)). The baseline period was chosen in accordance with the practice of the Inter-
governmental Panel on Climate Change (IPCC 2013b).

Five descriptive indexes were calculated based on the heatwave definition to evaluate
trends in heatwave frequency and intensity in terms of duration and temperature anomaly
(Table 2).

2.2.1 Heatwave count, days, and degree days

To calculate the heatwave count, heatwave days, and heatwave degree days metrics for a given
year, we extract for each grid cell the sequences of days which correspond to the heatwave
definition above. For each day d and grid cell (i, /), the threshold exceedance Eg ; ; is calculated
according to Eq. 4:

o Lif Tmindi,«,j > T99i,j
Baij= { 0 otherwise @
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Table 2 Summary of descriptive indexes

Heatwave index Description Units
Heatwave count Count of distinct heatwaves during a year per grid cell Number
Heatwave days Number of days of heatwave per year per grid cell, which measures the Days

trends in total duration of heatwaves
Heatwave degree days Sum of degree days of heatwave per year per grid cell, which captures ~ °C days
both the change in duration and change in intensity of heatwaves
Heatwave mean length Mean length in days of individual heatwave per year per grid cell. Days
Measures the trends in duration per heatwave
Heatwave mean degrees ~ Mean °C above the heatwave threshold per year per grid cell, measuring °C
over threshold the trends in heatwave intensity

where Tmin, ; ; is the daily minimum temperature and 799; ; is the 99th percentile of daily
minimum temperatures. The degree difference DD, ; ; is calculated for each day between
Tmin, ; ; and 799, ;, where the difference is positive (Eq. 5):

DDd.i,j = max(Tmindj,jfT99ivj, 0) (5)

This produces two time series vectors per grid cell, £; ; and DD; ;. These are split into sets of
continuous sequences of days where £; ; ;=1 and the length of each sequence is >4, i.e.,
where heatwave conditions occur for 4 or more consecutive days. The sequence information
from E; ; is used to split the degree difference vector DD; ; (see supplementary information for
further details). From these sets of sequences, we calculate for each year y:

* Heatwave Count,, ; ; equals the count of the number of distinct sequences of days for a grid
cell for a year.

* Heatwave Days, ; ; equals the sum of lengths of the sequences for a grid cell for a year.

* Heatwave Degree Days, ; ; equals the sum of all degree difference sequences for a grid cell
for a year.

2.2.2 Heatwave mean length

The heatwave mean length is the mean number of days per heatwave for a given year,

calculated as the number of heatwave days divided by the number of individual heatwaves

for a grid cell (i, /) (Eq. 6).
Heatwave Mean Length

VibsJ

= Heatwave Day.

Sy“/Heatwave Count,; ; (6)

2.2.3 Heatwave mean degrees over threshold

The heatwave mean degrees metric is the mean °C above the threshold value for each grid cell
and is calculated yearly as heatwave degree days divided by the heatwave days for grid cell (i,
) (Eq. 7). It provides a measure of the intensity of the heatwave.

Heatwave Mean Degreesy,,-, = Heatwave Degrees,, ; j

/Heatwave Days,; ; (7
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2.3 Heatwave indexes change

To observe trends that deviate from the historical mean and to make it possible to compare
values across locations, we calculate the change in index compared with a baseline, defined as
the mean of each index across years for the period 1986-2005. For each index and for each
year from 1980 to 2018, the difference was calculated relative to the baseline. Since this
calculation is the same for all heatwave indexes, we summarise the change calculation for a
given year for any of the heatwave indexes as Eq. 8:

heatwave index change

i = heatwave index,, ; —heatwave index baseline; ; (8)

where heatwave index,, ; ;

;1s the baseline mean of that index, and heatwave index change, ; ; is the change relative to the

is any given heatwave index from Table 2, heatwave index baseline;

baseline for that year.
2.4 Exposure of vulnerable population to change in heatwaves

Exposure to heatwaves is used as an index of the human health risk factor. It provides a
method of aggregated risk tracking that can be applied globally by using high-resolution
population and demographic datasets. The vulnerable population was defined as people over
65. The exposure for a given year is calculated in the same way for each index, which we
summarise as Eq. 9:

= p%t

exposure to change in index,;; = P)3"; X heatwave index change,; ; 9)

where exposure to change in index,, ; ; is the yearly exposure for a given heatwave index in
Table 2, Pfslj is the number of people over the age of 65, and heatwave index change,, ; ; is the
change relative to baseline for the selected index.

2.5 Global and exposure weighted means of heatwaves and exposures

2.5.1 Global mean

The global mean values take into account all grid cells (land and sea), weighted by grid cell area.
2.5.2 Exposure weighted mean

Exposure weighted mean values for each index are calculated by weighting the chosen
heatwave index change by the relative fraction of the relevant population in each grid cell,
as shown in Eq. 10, where total population in the age band P§5+ =2 /-Pfifi . Trends over time
of the exposure weighted mean will only reflect the (change in) spatial distribution of
vulnerable population and not change in the total vulnerable population, because the values

are normalised by the totals for each year.

65+

Volo]

i.J p65+
P y

exposure weighted mean, = 3 X heatwave index change, (10)

1)
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The global exposure weighted mean by definition considers only land grid cells. For country
exposures, the grid cells for the corresponding country are selected based on a country mask
and the same calculation is applied, using the total vulnerable population of that country as the
divisor. As a result, per-country values are only affected by changes in spatial distribution of
vulnerable population within each country. Differences in population growth and demographic
changes between countries are thereby factored out (e.g., strong population growth in one
country will not skew the weighted mean for other countries).

3 Results and discussion
3.1 Population and demographic trends

This work merged gridded historical population data with UN WPP demographic data to
produce gridded time series. It has been noted that the world’s population is aging rapidly
(United Nations 2015). Figure 1 summarises the global totals by age band and highlights the
very rapid increase in the population over 65 from 277 million to 702 million, making it the
largest single age group in 2018.

Figure 2 shows the global distribution of the change in percentage of people over 65
between 1980 and 2018. It highlights that there has been an increase of over 10 percentage
points in Japan and some regions of Europe. Sub-Saharan Africa shows a slight decrease in
percentage of over-65s, due to a combination of lower life expectancy and higher population
growth in the study period. As a result, the population is becoming younger on average and
over-65s represent a relatively smaller percentage of the total.

3.2 Global changes

Two aspects of global change are considered: the comparison between the global mean and the
exposure weighted mean, and the total exposure values. The exposure weighted mean factors
out population growth and net change in demographic distributions (i.e., the net increase in
over-65 s due to aging population), and instead reflects only the changes in spatial distribution
of vulnerable population relative to the spatial distribution of heatwaves. This highlights the
difference between global trends and how those trends are experienced by the population.

Total population by age band

e

o

g 600 - Age band

o 0-5 35-40
.g 5-10 40-45
T 400 - 10-15 45-50
= 15-20 50-55
2 20-25 55-60
©

o 25- —

5 200+ 5-30 >65
o - 30-35

o

1980 1985 1990 1995 2000 2005 2010 2015
year

Fig. 1 Total population by age band, age band for people over 65 highlighted (solid black line)
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Change in percentage of population, >65
1980 to 2018
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Fig. 2 Global distribution of the change in percentage points of the percentage of population over 65 between
1980 and 2018 (start and end of the period studied)

Conversely, the total exposure values capture both change in heatwave conditions and

increases in both total global population and fraction of the total population over 65. This

captures the absolute change in the risk factor, which is relevant as the total need for adaptation

and (medical) response measures is related to the absolute exposures rather than the mean.
The heatwave indicators are available as open access datasets® (Chambers 2019c¢).

3.2.1 Global mean changes

Figure 3 summarises the heatwave indicator global mean and exposure weighted mean (tabulated
numerical values may be found in the supplementary material). The change in heatwave degree
days combines all the effects of change in heatwave occurrences, length, and intensity. We observe
a dramatically stronger trend in the exposure weighted values than the global average; this indicates
that heatwaves are occurring more often and with higher intensity in areas with high population.
Across all grid cells in 2018, there were an average of 0.7 days of heatwave, while the vulnerable
population experienced an average 3.6 days (five times higher).

The components of this trend can be better understood by inspecting the plots of the
number of heatwave days per year, mean length of heatwave in days, and intensity of
heatwave. The total number of days of heatwave shows a stronger trend in the exposure
weighted mean than the global mean, while the mean length of heatwaves and the intensity
of heatwaves appear in line with global trend, although in 2018 the global mean length was
0.2 days while the exposure weighted mean was 0.5 days. The spike in 2010 is mainly due
to the June—August Russian heatwave which covered a very large area (Trenberth and
Fasullo 2012).

3.2.2 Global absolute change in exposure

We compare global absolute change in exposure for the heatwave degree days indicator
(which combines length and intensity) and the heatwave days indicator.

2 https://zenodo.org/record/3403922
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Change in heatwave Change in number
degree-days of heatwave days

Change in heatwave Change in heatwave
mean length degrees over threshold
0.50 -
‘v 0.25 A
>
@©
2 0.00 -
=0.254 T T T T T T
1980 1990 2000 2010 1980 1990 2000 2010

Year Year

——- Global mean
—— Exposure weighted mean

Fig. 3 Global and exposure weighted means of heatwave indicators change relative to the 19862005 reference
period

Figure 4 shows the time series of total exposures for degree days and days of heatwave,
highlighting a significant increase in exposures in the past decade. Although minor differences
in the year-on-year patterns exist between these two, there are no differences in the overall
trend as highlighted by the 10-year moving mean line. The 10-year moving mean for 2014
(covering the period 2008-2018) gave an increase of 1.4 billion person-days exposure, while

Exposure to change in heatwaves degree-days

-== Yearly value
21— 10 year moving average

°C-days

Billion

person-

N
1

Billion
person-days

o
1

b~ ”S

- = ~

T T T ¥ T T
1980 1985 1990 1995 2000 2005 2010 2015
Year

Fig. 4 Exposure to change in heatwave degree days and number of days per year relative to the mean for 1986—
2005. The 10-year moving mean of values indicates the longer-term trend
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the maximum value recorded in 2018 was 2.5 billion person-days. There appears to be an
acceleration of the trend of increase in exposure rates in the 2010—present period. This is
driven by a combination of increasing heatwave days in populated areas and an increase in the
total population and fraction of total population over 65—particularly in India and China. The
increases in total exposures are important for health systems, as they drive the need for
increased capacity to provide sufficient prevention and response services.

Given the minor differences in trends between heatwave degree days and heatwave days,
we focus on the latter indicator for the remaining analysis, as we consider this metric to offer a
more intuitive interpretation of the trends.

3.3 Exposure by country

Figure 5 shows the trend in total exposure of vulnerable people to heatwave days. The top five
countries by total mean exposure over the past decade are China, India, Japan, the USA, and
Indonesia; these are identified separately on the figure, highlighting in particular the large

Exposure to change in heatwave days per year
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Fig. 5 Exposure to change in number of heatwave days per year relative to the reference period: a yearly, b 10-
year centred moving average. The top 5 countries by total exposure over the last decade are highlighted: China
(CHN), India (IND), Japan (JPN), United States of America (USA), and Indonesia (IDN)
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contribution from India and China in absolute terms (227 and 281 million person-days in
20102018, respectively). The 10-year moving mean clearly shows the long-term trend in
increasing exposure in the five countries highlighted. Tables of decadal averages may be found
in the supplementary material.

The presence of Indonesia in the top five is interesting to note, as little literature was found
concerning heatwaves for this country. Further research would be needed to determine whether
heatwave exposures are having significant impacts in Indonesia or whether particular features
of the local climate contribute to abnormally high heatwave index values.

Figure 6 summarises the decadal change weighted mean exposures per country for days of
heatwave conditions per year, relative to the reference period. Figure 6 d covers 9 instead of
10 years as 2019 data is not yet available. These values are available in a tabular form in the
supplementary material. There is a clear trend of increasing exposure to heatwave conditions
over the period studied. In the 20002009 period, most countries displayed increased expo-
sure, this trend being strongly reinforced in the 2010-2018 period with almost all countries
experiencing a significant positive increase in exposures. In this latter period, vulnerable
populations in Bhutan, Egypt, Isracl, and Yemen experienced on average over a week
(7 days) more heatwave than in the reference period. Particularly high increases are apparent
in the Middle East and Arabian Peninsula, as well as in the Caribbean. Note that these
weighted averages are not affected by total population growth within countries or differences
in population growth between countries, as discussed in the “Exposure weighted mean”
section. The observed changes therefore reflect the concentration of population in locations
with high increases in heatwave occurrences.

3.4 Sensitivity analysis

A comparison was made of the different parameter choices used for the chosen definition of
the heatwave. Figure 7 shows the comparison of the heatwave time series when the calculation
is applied with daily mean and maximum temperature instead of minimum temperature. All
indicators follow similar trends. For the global mean changes, the mean and maximum
temperature—based time series are almost identical while the minimum temperatures show
reduced min/max values. Conversely, the exposure weighted values show the mean and
minimum based curves being near identical while the maximum temperature based heatwave
index shows reduced min/max values.

These results suggest that relatively little change in overall trends would be expected if
different temperature values were used, while evidence from health research supports the use
of minimum temperatures to account for effects of lack of respite from high temperatures on
health (Laaidi et al. 2012; Xu et al. 2018).

3.5 Health system indicators

The ability to respond to heatwave effects is related to the robustness of a country’s health system.
As previously noted, there is a strong relation between medical staffing levels and health outcomes;
therefore, we may use the number of doctors per 10,000 inhabitants provided by the WHO as an
indicator of health system capacity. Figure 8 aims at summarising the change in both heatwave
effects (measured as exposure weighted mean heatwave days per country) and the medical staffing
levels over the past decades. Decadal averages as calculated for Fig. 6 are plotted against mean
number of doctors per 10,000 inhabitants for the corresponding decades, the most recent data point
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Fig. 6 Decadal averages of mean exposure of vulnerable population to changes in the number of heatwave days
per year by country. Plot d covers 9 instead of 10 years. Where the colour scale ends in an arrow at the top, this
indicates an open range (values may exceed that displayed on the scale)

is highlighted. As this analysis required data for both heatwaves and doctors, it was only possible to
plot values for 2000-2009 and 2010-2018 due to limited data availability.
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Fig. 7 Heatwave days trend calculated using the 99th percentile of daily minimum, maximum, and mean
temperature

We see that while significant increases in exposure have occurred for most countries, we do
not observe strong trends in medical staffing. This is particularly true of low- and low-middle-
income countries (as defined by World Bank income groups). While it is not expected that
heatwave occurrences should directly drive staffing levels, this does highlight a further aspect
of vulnerability to heatwaves. Countries with less income are experiencing increased heatwave
occurrences but do not have the high medical staff levels to help cope with the impacts, and
increasing these will be challenging.

In this context, we can contrast the cases of Egypt and Cuba, being lower- and upper-
middle-income countries, respectively, but in very different situations. Cuba has a very high
level of doctors per inhabitant of over 70 per 10,000, while Egypt has 8 per 10,000.
Conversely, vulnerable populations in Egypt have experienced a mean increase of 12 days
heatwave (exposure weighted), while in Cuba, the increase is 0.7 days. This highlights that
both effects of heatwaves and response capacity with respect to heatwaves vary very signif-
icantly between countries and are affected both by changes in climate- and country-specific
socioeconomic conditions. This is likely to further exacerbate global inequalities with respect

Decadal trends in heatwave exposure and medical staffing
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Fig. 8 Overview of decadal mean trends in heatwave exposure against medical staffing, measured as doctors per
10,000 persons. Points indicate latest data for 2010-2018, and lines indicate trends since 2000 for the
corresponding point. Point sizes are proportional to country total population. Colours indicate the World Bank
country income group
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to which countries experience the largest climate change impacts, in terms of direct climate
effects, the vulnerability of populations to those effects, and the capacity of providing adequate
health responses.

In general, we note that both low- and lower-middle-income countries have nearly uni-
formly low medical staffing levels, while there is a much broader range in upper-middle- and
high-income countries. The former groups therefore are likely to face challenges to develop
preparation and response measures. For the latter groups, it seems that country policies have a
larger role in determining health coverage. Therefore, country policies could have a significant
impact on heatwave preparedness by focusing efforts on preparation and response measures.

3.6 Limitations

A known issue with the use of ERAS for population-focused studies is that in coastal areas, the
temperatures will tend to be an average of land and sea temperatures. This will underestimate
the temperatures in coastal areas, which include a large portion of the world’s population. As a
result, the heatwave exposures are likely to be somewhat underestimated. Future work could
use the upcoming ERAS5-Land dataset, which restricts the climate reanalysis to land pixels
only, resulting in higher resolution data which is also more accurate over land. This study
followed standard practice in calculating change values relative to the 19862005 reference
period, thereby minimizing any potential climate reanalysis data mean bias errors. Overall, we
consider the uncertainty contribution from the climate data to be low.

This study considered only ambient air temperature, while it is known that the combination
of high heat and humidity also has significant health impact (Lin et al. 2009). A reliable index
combining temperature and humidity is not straightforward (Kjellstrom et al. 2017; Watts et al.
2018); this should be a topic of future research. Nevertheless, as humidity is an aggravating
factor for health impacts, we can consider that our results set an exposure baseline. If humidity
were to be included, we would likely expect higher exposures overall.

The generation of gridded population data is complex, and the resulting data includes a
level of uncertainty that is difficult to quantify. In order to maintain consistency, the “UN WPP
adjusted” variant of the NASA GPWv4 data was used together with other UN WPP demo-
graphic data thereby defining the UN provided values as the authoritative baseline for the
analysis. Nevertheless, there remains significant uncertainty in the population values particu-
larly in areas with poor data collection (e.g., conflict zones). However, it was not feasible to
address all of these in the context of this global study.

For demographic data, a simplifying assumption was made that the relative spatial
distribution of population for each age band within each country remained approximately
constant while the per-country totals per age band were adjusted to match the UN data. It is
possible that demographic distributions within countries change over time due to popula-
tion movements and other factors. While the total population movements over time are
captured by the population data, we cannot know if such movements are caused mainly by
particular subsets of age groups (e.g., young people moving to cities). Other factors include
lifestyles, wealth, or health care which may evolve differently in different parts of a country
resulting in changes in demographic makeup over the period studied. By calibrating to UN
data, we aim for consistency at the country level. Extending this to sub-national units would
be extremely challenging and likely explains why no such dataset already exists covering
the time span considered.
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Finally, this study considered the dimensions of vulnerability the age group, healthcare
staffing, and income group. There is a large range of potential vulnerability factors that could
be considered such as gender and income inequality. Consequently, there is considerable scope
for further work on these topics.

4 Conclusion

This study developed heatwave indexes from global climate reanalysis data and combined
these with global population, demographic, and health data covering the period from 1980 to
2018. This enabled a global and cross-country analysis of heatwave exposure trends among
vulnerable people. We demonstrated that there is a clear trend in increasing heatwave days
globally, in accordance with climate model predictions for the effects of anthropogenic climate
change. Heatwaves are being experienced by vulnerable populations at a higher rate than the
global average. Furthermore, heatwave exposures in absolute terms are increasing rapidly,
driven by a combination of increasing heatwave frequency, growing population, and aging of
the population resulting in a larger number of people over 65 years old.

These results are significant in that they are produced from observational data of the recent
past, rather than based on future projections, and therefore highlight the reality of climate
change impacts that have already happened. Ongoing work aims at maintaining updates of
these indicators as new data becomes available.

Heatwave index trends were combined with country health system metrics and economic
metrics (World Bank income group). This highlighted the large disparities in health and wealth
relative to heatwave trends. While heatwaves affect all countries irrespective of wealth, this
study highlights that certain countries are at additional risk of negative impacts due to the
combination of high heatwave exposure, low medical staffing, and low income. These factors
exacerbate inequalities between countries with respect to climate change impacts. By tabulat-
ing these indicators per country, further work can be performed to explore other factors of
vulnerability, to determine the relation between vulnerability and excess mortality, and to
consider response strategies.

The increasing exposure of vulnerable people to heatwaves indicates the importance of
considering climate change impacts in healthcare, in terms of both national planning and
international development. We recommend that healthcare entities be fully engaged in climate
mitigation and adaptation efforts to address this growing risk factor. The large increases in
absolute exposures highlight the need for capacity building to match the increased needs. This
paper provides a suitable statistical background which can be used to inform further policy
development in national and international agencies.
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