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1 Background

Global warming has become a severe problem worldwide,
where the average global temperature has steadily increased
over recent decades accompanied by the abnormally hot
weather (IPCC 2013). Since the 1950s, heatwave events
have increased in frequency, intensity, and duration and their
impact on human health will also increase under enhanced
global warming (Perkins-Kirkpatrick and Lewis 2020).
Heatwaves have become one of the most serious climate
events in the world. Exposed to heatwave is associated with
increasing mortality—for instance, the European heatwave
of 2003 induced more than 70,000 additional deaths in
France, Germany, Italy, Spain, and other countries (Robine
et al. 2008). For Russia as a whole, the death toll of the 2010
summer heatwave totaled 55,000 people (Barriopedro et al.
2011).

Considering the ever-worsening impact of heatwaves,
future projection of heat-related mortality under climate
change has been widely studied in recent decades. Heatwave
mortality shows an increasing trend under high-emission
scenarios (Huang et al. 2011), especially in temperate areas
(Gasparrini et al. 2017). Existed studies mainly focus on
regional-, country-, or city-level risk assessments, but the
distribution and variation of heatwave mortality risk at a
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global scale need to be further quantitatively evaluated.
Mapping heat-related mortality and finding the hotspots will
help provide the policy recommendations at both global and
national levels.

This study examined future heatwave mortality risk of the
world at the grid level (0.25° x 0.25°) and country level,
respectively, based on the disaster system theory (Shi 1991,
1996, 2002), using the data of temperature and population
changes. We also evaluated the decadal mortality risk
change in the 2030s (2016-2035) and the 2050s (2046—
2065) as compared to the baseline period (1986-2005) using
high spatial resolution climate and population data under
different Representative Concentration Pathway (RCP) and
Shared Socioeconomic Pathway (SSP) scenarios, namely
RCP2.6-SSP1, RCP4.5-SSP2, and RCP8.5-SSP3. To esti-
mate the regional change, we adopted the regionalization
recommended by the Intergovernmental Panel on Climate
Change (IPCC), which divides the world into 26 regions.

2 Method

In this study, we used daily maximum temperature as the
metric to calculate heatwave. The daily maximum temper-
ature data were from the NEX-GDDP dataset, which was
released by the National Aeronautics and Space Adminis-
tration (NASA) in June 2015 (https://dataserver.nccs.nasa.
gov/thredds/catalog/bypass/NEX-GDDP/catalog.html). The
spatial resolution of the dataset is 0.25° x 0.25°. There are
21 general circulation models in this dataset that contain two
RCPs—RCP4.5 and RCP8.5—for the period from 1950 to
2100. The temperature data of lower emissions scenario
RCP2.6 was computed by sub-project 1. The population
projection data used in this study contain SSP1 — 3 com-
puted by sub-project 2. We calculated heatwave intensity
and mortality risk for the periods 20162035 and 20462065
in the future compared to 1986-2005 under the
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Fig. 1 Technical flowchart for mapping global heatwave mortality risk under climate change

RCP2.6-SSP1, RCP4.5-SSP2, and RCP8.5-SSP3 scenarios
(Fig. 1). The maps shown in section 4 are multi-model
ensemble results.

2.1 Heatwave Intensity Metrics

To better estimate regional changes of heatwave mortality
risk in the world, we chose a relative threshold instead of an
absolute threshold. A heatwave event here was defined as at
least three consecutive days exceeding the given threshold,
which is the 95th percentile value of the daily maximum
temperature series over the baseline period 1986-2005 at the
grid level, and if the 95th percentile value was lower than
25 °C, we set 25 °C as the threshold in this grid. The annual
heatwave duration was defined as the total heatwave days in
a given year. The annual heatwave maximum temperature
was defined as the maximum temperature of all the heatwave
events in a year.

2.2 Population Vulnerability
In this study, six mortality vulnerability curves for typical

cities in the world were adopted (Gosling et al. 2007). In the
IPCC-SREX reports, the world is divided into 26 regions

(Seneviratne et al. 2012). We regrouped the 26 regions into 6
groups according to climate types, latitude zones, and terrain
elevation. Each vulnerability curve was applied to a group of
the IPCC-SREX regions to map heatwave mortality risk of
the world.

2.3 Mortality Risk Function

Heatwave mortality risk of the world is assessed with for-
mula (1):

R=F(Tya) XD x P (1)

where R is the annual heatwave mortality risk, F repre-
sents the regional vulnerability function, T},.x refers to the
annual maximum temperature during heatwaves, P refers
to the annual total population of each grid, and D is the
annual heatwave duration (days). We computed the annual
heatwave mortality risk for the selected periods—1986—
2005, 2016-2035, and 2046-2065. To map the spatial
distribution, we then computed the 20-year average value
for each period. All calculations, analyses, and the figures
of the meteorological metrics and heatwave mortality risk

were performed and mapped at the grid level
(0.25° x 0.25°).
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Fig. 2 Heatwave mortality risk of the top 10 countries. The error bar represents the one standard deviation across the 21 (13 for Representative
Concentration Pathway (RCP) 2.6) general circulation models and 3 shared socioeconomic pathways (SSPs)

3 Results

3.1 Heatwave Intensity

The results show that the spatial distribution of heatwave
mortality risk for the two periods (2030s and 2050s) under
the three scenarios (RCP2.6-SSP1, RCP4.5-SSP2, and
RCP8.5-SSP3) are very similar. For the maximum temper-
ature during heatwaves, regions with high values are dis-
tributed in North Africa, West Asia, India, and Oceania,
mainly near 23°N, and the temperature decreases from the
high value areas to the north and south, respectively.

Heatwave duration decreases from the equator to the
poles. The highest duration areas include Central Africa,
West Asia, Central Asia, Central South America, and
Oceania. The longest heatwave days are in Central Africa,
Indonesia, and northern South America. The areas with high
values in the 2050s are significantly larger than that in the
2030s under different scenarios.

Generally, global averaged heatwave duration during
1986-2005 are under 10 days per year, whereas it increases
to 28 days per year in the 2050s under the high-emission
scenarios.

3.2 Mortality Risk

High mortality risk areas for heatwaves are mainly dis-
tributed in the Northern Hemisphere including India

peninsula, West Asia, the Mediterranean area, and eastern
North America at the grid level. High latitudes in the
Northern Hemisphere are mainly of lower risk as compared
to the other regions. Overall, global heatwave mortality risk
for the baseline period (1986-2005) is about 289,576 per-
sons per year. In comparison, the annual average heatwave
mortality risk increases by 8 times, 5 times, and 8 times in
the 2050s under the RCP8.5-SSP3, RCP4.5-SSP2, and
RCP2.6-SSP1scenarios, respectively.

We performed the zonal statistics analysis of the risk
result at the continental level and the results show a sub-
stantial increase during the 2050s under the RCP8.5-SSP3
scenario. The heatwave mortality risk increases by 10 times
in Africa followed by 8 times in Asia and 6 times in South
America. There are 4-times, 4-times, and 3.5-times increase
of heatwave mortality risk in Europe, North America, and
Oceania, respectively, in the 2050s under the RCP8.5-SSP3
scenario.

The heatwave mortality risk at the country scale was also
derived and ranked. The top ten countries with high heat-
wave mortality are showed in Fig. 2. These countries are
mainly located in North Africa and West Asia, distributed
around 30°N. Compared to the baseline period, the heatwave
mortality risks of all countries increase significantly under
different scenario combinations, especially in the 2050s
(Fig. 2).
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Global heatwave mortality risk (2030s, RCP8.5-SSP3)
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Global heatwave mortality risk (2050s, RCP4.5-SSP2)
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