
Large Future Increase in Exposure
Risks of ExtremeHeatWithin Southern
China Under Warming Scenario
Ning Cao1,2,3, Gen Li2,4*, Meiyan Rong5, Jinyi Yang3,5 and Feng Xu5

1Key Laboratory of Climate, Resources and Environment in Continental Shelf Sea and Deep Sea of Department of Education of
Guangdong Province, Guangdong Ocean University, Zhanjiang, China, 2College of Oceanography, Hohai University, Nanjing,
China, 3CMA-GDOU Joint Laboratory for Marine Meteorology, South China Sea Institute of Marine Meteorology, Guangdong
Ocean University, Zhanjiang, China, 4Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China,
5College of Ocean and Meteorology, Guangdong Ocean University, Zhanjiang, China

With the continued global warming, quantifying the risks of human and social-economic
exposure to extremely high temperatures is very essential. The simulated extreme high-
temperature days (EHTDs) with a maximum temperature higher than 35°C (38°C, 40°C) in
Southern China during 1980–1999 and 2080–2099 are analyzed using the NEX-GDDP
dataset. By comparing the climatology of the two scenario periods, the multi-model
ensemble mean patterns show that EHTDs will greatly increase at the end of the 21st
century, and its center at 35°C is projected to shift to Guangxi from Jiangxi. Model
diversities are fairly small, and the spread increases with T-level rises. EOF analysis shows
that the 100-years warming will impact the southern part greater than the northern part.
Trend patterns exhibit comparable results to models, but with a relatively large spread. The
population and economy exposure to extremely high temperatures are calculated,
showing that they both will experience a large increase in future projected decades. In
historical decades, the growth of population and Gross Domestic Product have dominated
the increasing exposure risks, but these effects weaken with the T-level increases. In future
decades, climate change plays a leading role in affecting the exposure, and its effect
strengthens with the T-level increases. For historical to future changes, the dominant
contributor to population exposure changes is the climate factor (74%), while substantially
90% contribution to economy exposure changes is dominated by the combined effects of
climate and economy growth.
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1 INTRODUCTION

Global climate change is already being associated with increases in the incidence of severe and
extreme weather, heavy flooding, and wildfires—phenomena that threaten homes, dams,
transportation networks, and other facets of human infrastructure, and it has been a social,
economical, and environmental matter of great concern across the world. A sustained warming
climate has been shown to exacerbate and trigger certain climate extremes (Easterling et al., 2000),
such as heat waves with greater intensity, longer-lasting time, and/or higher frequency (Karl and
Trenberth, 2003; Meehl and Tebaldi, 2004), and such extreme events have been known to produce
notable impacts on human mortality, regional economies, and ecosystems (Meehl and Tebaldi,
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2004). In addition, the societal infrastructure is becoming more
sensitive to weather and climate extremes, which would be
exacerbated by climate change (Easterling et al., 2000).
Developing countries with limited abilities to adapt to these
changes are likely to suffer more from the economic impacts
of climate change, as well as being the least able to adapt to new
climatic conditions, and are expected to suffer disproportionately.

Temperatures are increasing on a global scale revealed by
multisource observational data and scenarios simulated data
(Sillmann et al., 2013; Blumberg, 2014; Zuo et al., 2015; Zhao
and Zhou, 2019; Xu et al., 2020), but at the regional level, the story
gets complicated. Owing to different responses to internal
variability and anthropogenic influence, climate extreme
changes have distinct regional characteristics (Zhao and Zhou,
2019). It is known that extremely hot summers have been
increasingly reported in China, and far-reaching social-
economic impacts have been caused by such events (Sun et al.,
2014). There have been studies on extreme temperature across
China using observational data (Ding et al., 2010; Ye et al., 2013;
Yin et al., 2014; Pi et al., 2020), and simulated data under both
historical and future scenarios (Yang et al., 2014; Dong et al.,
2015; Yang et al., 2015; Huang et al., 2016; Wang et al., 2016; Li
et al., 2019). In future projections, East Asia manifests severer
warming than the global mean under the 1.5°C/2°C warming level
(Hu et al., 2017; Lin et al., 2018; Zhao and Zhou, 2019). The
fraction of land area with extremely hot summers in China is
believed to increase much greater than for the global land surface
as a whole (Leng et al., 2016). Chou et al. (2019) found that during
2000–2015, the increasing trend in droughts has shifted gradually
from north to south, and the increasing trend in extreme
precipitation has shifted gradually from south to north.

Two major downscaling methods, dynamical and statistical,
have been developed since the pioneering work of Giorgi (1990).
For the regional study, the dynamical downscaling approach,
using limited-area regional climate models (RCMs) nested to
GCMs, provides a physical-based approximation on finer scales
(Bao and Wen, 2017). Zhu et al. (2020) conducted dynamic
downscaling to produce a regional dataset that incorporated the
period 1986–2100 for central Asia and found it significantly
improves the simulation for the mean and extreme climate
over central Asia. Statistical downscaling method, on the other
hand, plays an important role in performing longer (up to more
than 100 years) downscaling work for much larger domains (Bao
and Wen, 2017), which is used in the production of NASA Earth
Exchange Global Daily Downscaled Projections (NEX-GDDP)
dataset that is used in this study.

The Southern China Region mainly comprised of five
provinces of Guangdong (GD), Guangxi (GX), Fujian (FJ),
Jiangxi (JX), Hunan (HN), and two special administrative
regions of Hongkong and Macao, has witnessed rapid
economic development and rapid expansion of urban land,
which has led to huge urban areas that population and
economy highly gather around. The five provinces and two
special administrative regions hold more than 300 million
people right now. Provinces in Southern China are generally
wetter with warmer temperatures than northern regions. Winter
is very short, which runs from January to March, but typically

very cold with relatively higher humidity. The rainy season lasts
from April through September, when temperatures and humidity
peak. Along the southeastern coast, in Fujian and Guangdong, the
typhoon season lasts from July through September, causing huge
losses due to its impacts such as floods, mudflows, and landslides.

The recently published development plan of the Guangdong-
Hong Kong-Macao Greater Bay Area (GDHKMC Bay Area)
refers to the Chinese government’s scheme to link the cities of
Hong Kong, Macau, and nine cities in Guangdong province into
an integrated economic and business hub. The Greater Bay Area,
taken as a whole, forms the world’s largest mega-city at 66 million
people, and 2.0 trillion dollars Gross Domestic Product (GDP,
data source: CGTN). In the background of accelerating the
building of the Belt and Road, Southern China will be one of
the extremely important core regions.

For thermal health hazards, to determine thermal stress,
several factors, including air temperature, wind velocity, water
vapor pressure, short- and long-wave radiant fluxes, physiological
strain, behavior, and the autonomous human thermoregulatory
system, need to be considered (Pappenberger et al., 2015). There
are more than 100 indices used to assess thermal health hazards.
A universal thermal climate index (UTCI) provided by ERA5-
HEAT dataset (Napoli et al., 2020) which describes how the
human body experiences atmospheric conditions, specifically air
temperature, humidity, ventilation, and radiation, is introduced
to present the past and current human thermal stress and
discomfort in outdoor conditions (See detail in
Supplementary Figure 1).

Under a warmer climate system, how will climate change
affect the risks of social-economic exposure to extreme high-
temperature, especially in the world’s largest mega-city of the
Greater Bay Area where population and business gather around?
This is a topic that matters a lot. Therefore, it is necessary to
understand how much risk of such extreme events that human
and social-ecosystem will suffer in the foreseeable future, and try
to figure out what people can do to reduce the risk. Based on this,
the objective of this work is to quantify projected changes of
extremely high temperature from the last 20 years in the 20th
century to the last 20 years in the 21st century within Southern
China, using the historical scenario and the high-emissions
“RCP8.5” global warming scenario simulated daily maximum
temperature by climate models. The climatological changes and
trend changes are analyzed, and model diversities are also
validated. The population and economy exposures are
calculated, and possible causes of related changes are discussed.

2 DATA AND METHODS

The study focuses on Southern China Region that is defined as an
area of 106°–122°E and 20°–30°N. Two comparable periods of
historical 1980–1999 and RCP8.5 warming scenario 2080–2099
are specially analyzed. There is no universal definition of an
extreme high-temperature day (EHTD), which varies in different
studies. In this work, we use a simple thresholding method and
adopt three temperature levels (T-levels) of daily maximum
temperature above 35°, 38°, and 40°C. The annual EHTDs at
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these three levels during the historical period of 1980–1999 and
RCP8.5 scenario (Riahi et al., 2011) period of 2080–2099 are
calculated using the daily maximum temperature data.

We used two main datasets: 1) The daily maximum
temperature data from the NASA Earth Exchange Global
Daily Downscaled Projections (NEX-GDDP) dataset; 2) The
spatial explicit socioeconomic data including population
density and GDP data (with a spatial resolution of 0.5+ × 0.5+,
and temporal resolution of 10 years) are obtained from the
International Institute for Applied System Analysis (IIASA)
GGI Scenario Database Version 2.0.

The NEX-GDDP dataset comprises downscaled climate
scenarios for the globe that are derived from the General
Circulation Model (GCM) runs conducted under the Coupled
Model Intercomparison Project phase 5 (CMIP5) and across two
of the four greenhouse gas emissions scenarios known as
Representative Concentration Pathways (RCPs). The bias-
correction spatial disaggregation (BCSD) method (Wood et al.,
2004; Thrasher et al., 2012) was used to generate this dataset on
the basis of 21 CMIP5 model simulations (Thrasher et al., 2013),
with a global spatial resolution of 0.25+ × 0.25+ (approximately
25 km in the mid-latitudes), covering the periods 1950–2005
(historical run) and 2006–2100 (RCP4.5 and RCP8.5 runs).
NEX-GDDP significantly reduces the biases in the climatology
of daily minimum and maximum temperatures in terms of the
spatial distribution and extremes across China (Bao and Wen,
2017). As a new-generation statistically downscaled climate
dataset, NEX-GDDP offers considerable improvements over
CMIP5 GCM hindcasts and projections at regional-to-local
scales, with an unchanged global long-term increment (Bao
and Wen, 2017).

The GGI (Greenhouse Gas Initiative) scenario database
documents the results of a set of greenhouse gas emission
scenarios that were created using the IIASA Integrated
Assessment Modeling Framework and previously documented
in a special issue of the Technological Forecasting and Social
Change, including three “baseline” scenarios of different
socioeconomic and technological developments, A2r, B1, and
B2. The A2r scenario in IIASA-GGI represents a major numerical
revision that reflects the most recent long-term demographic
outlook with a corresponding lowering of future world
population growth.

The population density and GDP data used in this work are
based on the A2r scenario. Meanwhile, many scenario
assumptions and outcomes of the RCP8.5 including
demographic and economic trends or assumptions about
technological change are based upon or derived directly from
the A2r scenario (Riahi et al., 2007, 2011). That is why we chose
RCP8.5 projections in the NEX-GDDP dataset in this work. They
can well match with each other when we consider the future
population and economy exposure to extremely high
temperatures.

The population and economy exposure to extremely high
temperatures are defined as the product of decadal mean
EHTDs times the population density and GDP data. As is
known, a matrix for a specified time of such datasets including
population density and GDP data can reflect the mean state of the

variable in the previous decade (10 years). So the decades of
1980–1989 (referred as 1980s), 1990–1999 (1990s), 2080–2089
(2080s), and 2090–2099 (2090s) are calculated respectively. Take
the 1980s as an example, the population exposure to extremely
high temperature equals the product of the population density in
1990 times 1980–1989 mean EHTDs, with a unit of people·day
per km2. The population exposure to extremely high temperature
can be defined as E, and the population density as p, the EHTDs as
T, then it can be calculated using the following equation
E � P × T . The change of E can be written as ΔE � (P + ΔP) ×
(T + Δ T) − P × T � P × ΔT + T × ΔP + ΔP × ΔT . So for the
total change of exposure ΔE, there are three contributor items: the
climate change factor P × ΔT , the population change factor
T × ΔP, and the combined effect of these two factors ΔP × ΔT .
The contribution rates of these items are defined as P × ΔT

ΔE , T × ΔP
ΔE ,

and ΔP × ΔT
ΔE respectively.

To quantitatively evaluate the models’ diversities in
representing the period mean state, the Taylor diagram
(Taylor, 2001), which can provide a visual framework for
comparing model simulation results to Multi-model ensemble
(MME) mean, is used. In addition, the Inter-model EOF analysis
method (Li and Xie, 2012; Cao et al., 2015) is introduced to
capture the major patterns of model diversities in representing
the 100-years changes of EHTDs at three T-levels. All trends
throughout the article are calculated using the linear ordinary
least-square method.

3 RESULTS

3.1 Climatological Change of EHTDs and
Model Diversities
The multiannual mean EHTDs at T-35°C, T-38°C, and T-40°C
levels averaged over the historical period of 1980–1999, and the
RCP8.5 scenario period 2080–2099 within Southern China, based
onMulti-model ensemble (MME) mean of all 21 models in NEX-
GDDP dataset, are presented in Figure 1.

For the historical scenario period 1980–1999 (a1, b1, and c1),
it is evident that the EHTDs at each level mainly occur in Jiangxi
province, where the T-35°C EHTDs covermore than half a month
per year, about 2 days in one year reach the T-38°C level, and days
above 40°C hardly exist. By contrast, for the RCP8.5 scenario
period of 2080–2099 (a2, b2, and c2), there is a great increase of
EHTDs at all three levels, indicating the direct effect of global
warming at a scenario of comparatively high greenhouse gas
emissions. Based on this high emission scenario, people in
Southern China will on average suffer about 2–4 months above
35°C per year, about 1 month above 38°C per year, and half a
month above 40°C per year, in the last 20 years of the 21st
century. What is noteworthy is that the T-35°C EHTDs max
value center is projected to shift to the Pan-Beibu Gulf region,
covering the land area of Guangxi province, Leizhou Peninsula.
Meanwhile, the T-38°C and the T-40°C EHTDs max value centers
still locate in Jiangxi province, although the max value center in
Guangxi province also can be significant in some way.

Model diversity in reproducing a climate state has been always
a noteworthy problem. To quantify these diversities, Taylor
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Diagrams are introduced in Figure 2 to show the model biases
apart from MME mean (marked as REF on the x-axis) in
simulating the EHTDs at different levels averaged over the
historical period of 1980–1999, and RCP8.5 period of
2080–2099, within Southern China Region. In these two
diagrams, the angular distance from the x-axis denotes the
pattern-correlation coefficient between each model output and
MME mean. That is, the distance between each simulation and
MME mean quantifies the degree of coincidence of EHTDs
simulated by the models against the MME mean. The centered
root-mean square error (RMSE) between the model-simulated
and MME mean patterns are proportional to the distance to the
point on the x-axis identified as “REF.” Models simulating
patterns of climatology (period mean) that agree well with the
MME mean will lie nearest the “REF” point.

For the historical 1980–1999 period mean (illustrated in
Figure 2), patterns of T-35°C EHTDs simulated by 21 models
(marked as blue circles) show relatively small diversities from the
MME mean, with very high pattern-correlation coefficients
ranging from 0.9869 (ACCESS1-0) to 0.9974 (BNU-ESM), and
standard deviations ratios ranging from 0.7250 (GFDL-CM3) to
1.2776 (MPI-ESM-MR). When the temperature level rises to T-
38°C, the model diversities become more significant, showing
pattern-correlation coefficients ranging from 0.8114 (MIROC-
ESM) to 0.9864 (CSIRO-Mk3-6-0), and standard deviations
ratios ranging from 0.3769 (MIROC-ESM) to 1.5809 (GFDL-
ESM2G). Furthermore, at T-40°C EHTDs, the pattern-correlation
coefficients range from 0.3771 (MIROC-ESM) to 0.9541 (GFDL-
ESM2G), and standard deviation ratios range from 0.1401
(MIROC-ESM) to 2.5430 (GFDL-ESM2G).

Then it comes to RCP8.5 scenario 2080–2099 period mean
(illustrated in Figure 2), which shows that almost all models
projected EHTDs patterns at all three T-levels highly correlate to
the MME mean pattern, with pattern-correlation coefficients
above 0.80 at T-35°C level, the pattern-correlation coefficients
range from 0.8950 (inmcm4) to 0.9958 (BNU-ESM), and
standard deviations ratios range from 0.4737 (inmcm4) to
1.3491 (MIROC-ESM), indicating that most models show
pretty good agreement with the MME mean pattern. Then at
T-38°C level, the model diversities are enlarged, with pattern-
correlation coefficients ranging from 0.8518 (MIROC5) to
0.9799 (CCSM4), and standard deviation ratios ranging from
0.1393 (inmcm4) to 2.0309 (MIROC-ESM). Finally at T-40°C
level, the pattern-correlation coefficients range from 0.8650
(MRI-CGCM3) to 0.9835 (NorESM1-M), and standard
deviation ratios range from 0.0794 (inmcm4) to 2.8961
(MIROC-ESM).

Thus, Figure 2mainly presents model diversities in simulating
the climatological mean EHTDs during the historical period
1980–1999 and RCP8.5 scenario period 2080–2099, based on
the MMEmean pattern. We can conclude that in both periods for
most models, the model diversities apart from MME mean are
fairly small (with relatively high pattern-correlation coefficients
and standard deviations ratios closing to 1.0), and with the T-level
of EHTDs rises from 35°C to 38°C, and to 40°C, the diversities of
these models are enlarged. To further quantify the climatological
100-years changes (2080–2099 mean minus 1980–1999 mean) at
three T-levels, an inter-model EOF analysis method is
introduced, as is shown in Figure 3 and Figure 4. Traditional
EOF analysis (or PCA) is performed using the raw climatological

FIGURE 1 | All 21 models (in NEX-GDDP dataset) MME mean EHTDs at different T-levels averaged over historical period of 1980–1999, and RCP8.5 period of
2080–2099, within Southern China Region. To gain better visibility, the patterns in the figures are the results of dividing a factor shown on the bottom into the real
variable data.
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mean EHTDs changes data calculated from model outputs, and
each data is a three-dimensional matrix, in which the x-axis
denotes longitude, the y-axis denotes latitude, and the third
dimension denotes not time but “Model number.” All EOF
patterns and PCs are normalized through multiplying or
dividing by the square root of eigenvalues.

Figure 3 shows the spatial patterns of the first mode captured
by inter-model EOF analysis for three T-level EHTDs of 35°, 38°,
and 40°C, with the explained variance ratios of 98.3, 95.1, and
94.7%, respectively. Generally speaking, all models show regional
warming patterns as a common feature. At T-35°C level, the first

principal component (illustrated in Figure 3A) represents a
south–north pattern, indicating that the 100-years warming
will impact the southern part (about 25°N southward) greater
than the northern part, especially in northern Guangdong, entire
Guangxi, and Pan-Beibu Gulf region including the Leizhou
Peninsula, southern Guangxi, which means that people in
these regions will suffer 100 and more days above 35°C at the
end of the current century. At T-38°C level, the first principal
components (illustrated in Figure 3B) represent a warming
pattern with generally two centers of Jiangxi and Guangxi
provinces, where people will experience 50 more days above
38°C at the end of the current century. While for T-40°C level

FIGURE 2 | Taylor diagram showing model biases apart from MME
mean (marked as REF) in simulating the EHTDs at different levels averaged
over historical period of 1980–1999, and RCP8.5 period of 2080–2099.

FIGURE 3 | The spatial patterns of the first EOF mode at three different
T-levels by performing Inter-model EOF analysis on a 100-years change of the
EHTDs between historical 1980–1999 period and RCP8.5 2080–2099 period.
To gain better visibility, the patterns in the figures are the results of
dividing a factor shown on the bottom into the real variable data.
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(illustrated in Figure 3C), the pattern indicates that Jiangxi
province will keep hold of the leading position of extreme
high-temperature days occurring, and 20 more days of
temperature above 40°C will appear in places such as Jiangxi,
Hunan provinces, causing serious harm to human health.

The corresponding PCs of EOF patterns shown in Figure 3
are presented in Figure 4, in which the bar charts are used for

21 models at three T-levels. As we used the raw climatological
mean EHTDs changes data calculated from model outputs to
perform inter-model EOF analysis, the PCs are unsurprisingly
positive for all models. As to the three EOF patterns in Figure 3,
the significance of the corresponding mode can be quantified
through the amplitude of PCs. There are two points that should
be noticed in this figure: 1) For most models (15 of 21, BNU-

FIGURE 4 | The PCs of the first EOF mode at three different T-levels corresponding to Figure 3.

FIGURE 5 | Local linear trends of MME mean EHTDs at three T-levels during historical period of 1980–1999, and RCP8.5 period of 2080–2099. To gain better
visibility, the patterns in the figures are the results of dividing a factor shown on the bottom into the real variable data.
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ESM, CanESM2, CCSM4, CESM1-BGC, CNRM-CM5, GFDL-
CM3, GFDL-ESM2G, GFDL-ESM2M, inmcm4, IPSL-CM5A-
LR, MIROC5, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3,
and NorESM1-M) the amplitude decreases with the T-level
rises, while there are 5 models (ACCESS1-0, CSIRO-Mk3-6-0,
IPSL-CM5A-MR, MIROC-ESM, and MIROC-ESM-CHEM)
showing the opposite trend, and the rest 1 model (bcc-csm1-
1) has no such trend; 2) There is no remarkable difference
between the sequences of models based on the amplitudes of
PC#1 at three T-levels, which means that the amplitude
differences between T-levels for a particular model are
generally smaller than the differences between models at a
particular T-level.

3.2 Historical and Future Projected Trends
of the EHTDs
Trends are very important in climate research and are ubiquitous
in the climate system, even in a fully coupled model. To improve
climate prediction and diagnosis using models, linear trend
analysis is performed on the EHTDs at three T-levels in
Southern China Region during the historical scenario period
1980–1999 and RCP8.5 scenario period 2080–2099, which is
the last 20 years of the 20th century and the 21st century
respectively. The local linear trends calculated from the MME
mean EHTDs data are shown in Figure 5, and the regional
mean linear trends of each model simulation are listed in
Supplementary Table 1.

FIGURE 6 | Population and economy exposure to temperature larger than 35°C for historical decades of the 1980s, the 1990s, and projected exposures under
RCP8.5 climate scenario and A2r population scenario for future decades of the 2080s and the 2090s. The colorbar for population exposure has a unit of thousand
people·day per km2, while for economy exposure the unit is thousand US$1990·days per ha. To gain better visibility, the patterns in the figures are the results of dividing a
factor shown on the bottom into the real variable data.
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For historical scenario period 1980–1999 shown in Figure 5
a1, b1, and c1, similar features are captured, showing that the
EHTDs increasing mainly occurs in Jiangxi province, with
trends of about 1.0 (0.5, 0.1) days per decade at T-levels of
35°C (38°C, 40°C), compared with the regional mean results of
0.37 (0.07, 0.01) days per decade. When the time comes to the
last 20 years of the 21st century under the RCP8.5 scenario,
however, the trend patterns (illustrated in Figure 5 a2, b2, and
c2) are projected to change a lot. One typical feature is the
significant increase of EHTDs in Guangxi and Guangdong
provinces, especially in the Pan-Beibu Gulf region, and the
disappearance of the warming center featured by the
historical scenario in Jiangxi province, although there can be
seen that the T-40°C level pattern shows a multicenter structure.
The projected increase of EHTDs in these warming centers is
about 18.0 (10.0, 4.0) days per decade, compared with the
regional mean results of 9.46 (5.09, 2.05) days per decade, at
T-levels of 35°C (38°C, 40°C).

Supplementary Table 1 and Taylor Diagrams of local trend
patterns (not shown) simulated by 21 models can tell us that the
diversities are quite large with either positive or negative values,
especially for the historical scenario period 1980–1999 in which
regional mean trends range from −1.09 (MIROC5) to 2.84 (MPI-
ESM-MR) at T−35°C level, from −0.12 (MIROC5) to 0.48 (IPSL-
CM5A-MR) at T-38°C level, and from −0.01 (CNRM-CM5) to
0.09 (IPSL-CM5A-MR) at T-40°C level. For the RCP8.5 scenario
period 2080–2099, by comparison, the regional mean trends
feature overall positive at three T-levels except for a few
models such as GFDL-ESM2M, MIROC at T-35°C level,
GFDL-ESM2M at T-38°C level, and CNRM-CM5, GFDL-
ESM2M, and GFDL-ESM2G at T-40°C level.

By the combined consideration Figure 5 and Supplementary
Table 1, we can conclude that the EHTDs increase mainly in
Jiangxi province during 1980–1999, while at the end of the 21st
century, models projected that the warming center will shift to
Guangxi and western Guangdong, where people will suffer more

FIGURE 7 | Same as Figure 6, but for exposure to temperature larger than 38°C.
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hot days with max temperatures above 35°C in a year, indicating
huge risks of human health and economic activity in these regions.

3.3 Population and Economy Exposure to
Extremely High Temperature
The above analysis on the projected changes of extreme high-
temperature days within SouthernChina is designed to quantify the
future risk of demography and economics with the global climate
warming caused by increasing concentrations of greenhouse gases
produced due to human activity such as fossil fuel burning and
deforestation. Historical and projected population density and
GDP (measured at Market Exchange Rates), based on the A2r
scenario data from the IIASA GGI Scenario Database Version 2.0,
provide data every 10 years from 1990 through 2100.

Supplementary Figures 2 and 3 show the patterns and
changes of population density and GDP between 1990 and
2000 and 100-years later 2090 and 2100. In 1990 and

2000 (Supplementary Figure 2a1 and a2), the population
density in Southern China mainly ranges from 200 to 500
people (regional mean 270 in 1990, and 300 in 2000) per square
kilometer, except that in Pearl River Delta, Chongqing,
Changsha, western Taiwan with more than 500 people per
square kilometer, and except some areas in Guangxi, Jiangxi
Provinces with less than 200 people per square kilometer. By
comparison, 100 years later, in 2090 and 2100 (Supplementary
Figure 2b1 and b2), the Matthew Effect in population
migration boosted by rapid urbanization is undoubtedly
revealed, which is more evident by combining the patterns
of 100-years changes (2090 minus 1990, and 2100 minus 2000)
as illustrated in Supplementary Figure 2c1 and c2. Despite the
overall growth of population (regional mean 361 people per
square km in 2090, and 377 people per square km in 2100),
these figures clearly show that more people will migrate from
Fujian, Jiangxi, Guangxi provinces to Guangdong and Hunan
provinces, at the end of the 21st century. Similar features can be

FIGURE 8 | Same as Figure 6, but for exposure to temperature larger than 40°C.
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captured in GDP patterns and changes in Supplementary
Figure 3. The Southern China Region has been experiencing
a dramatic increase in GDP, in which the regional mean GDP
changes from 2.70 thousand US$1990 per hectare (ha, or
10−2 km2) in 1990 and 4.32 in 2000, to 68.97 in 2090 and
75.26 in 2100, indicating an increase of about 20 times. In
general, the GDP in this region keeps a sustained growth with
the social-economic development, while at the same time, the
most rapid GDP growth mainly occurs in areas that hold a
bigger population, especially in big cities and coastal areas.

To study heat hazards concerning human health and
economic activities, the exposure risks changes from the
reference period to a projected period are of great importance.
Furthermore, what factors cause such changes should be
quantitatively analyzed. Thus, the population exposure and
economy exposure to extremely high temperatures for three
temperature levels are calculated and analyzed. Figures 6–8
separately present the population and economy exposure to
extremely high temperature larger than 35°C (38°C, 40°C) for
historical decades of the 1980s, 1990s, and projected exposures
under RCP8.5 climate scenario and A2r population scenario for
future decades of the 2080s and 2090s. Through comparative
analysis of the population and GDP exposure to extremely high
temperatures during these four decades, both exposure risks have
experienced a large increase. Regional mean results show that
population exposure changes from 1.14 thousand people·day per
km2 in the 1980s to 1.40 in the 1990s, 24.16 in the 2080s, and
29.54 in the 2090s. Meanwhile, the GDP exposure changes from
3.70 thousand US$1990·days per ha in the 1980s to 10.55 in the
1990s, 4,375.78 in the 2080s, and 5,561.08 in the 2090s.

3.4 Possible Driving Processes of Exposure
Changes
According to the definition of the population and economy
exposure to extremely high temperatures, the projected

changes of exposure risks can be caused by different factors.
Not only the climate factors (i.e., EHTDs), but also the population
size, population migration, and economy fluctuations will impact
these changes, as well as the combined effect by two or more
factors. How do these effects contribute to the total exposure
changes? This section will present some results.

For regional mean, the perturbation method is used to analyze
the relative contribution of each factor. The results are shown in
Table 1 and Table 2, which show analysis of factors affecting
changes in population and economy exposure to extremely high
temperature in Southern China.

First, in Table 1, considering the extreme temperature larger
than 35°C, during historical decades, population exposure
changes from the 1980s to the 1990s are mainly caused by the
population growth (accounting for 52%), followed by the EHTDs
increase (43%). During projected decades, from the 2080s to the
2090s, the EHTDs increase explains 78% of the population
exposure changes. For the 100-years changes, from the 1980s
to the 2080s (and from the 1990s to the 2090s), the population
growth has slowed down, and the population exposure changes
are both dominated by the climate change factor, accounting for
74 and 79% contribution. When considering the T-38°C and T-
40°C levels population exposure, similar conclusions can be
summarized, except for the historical decadal change from the
1980s to the 1990s, in which the climate change factor accounts
for 73 and 81 percent of the exposure changes, much larger than
other factors.

The relative contribution of relevant factors resulting in the
changes of economy exposure to extremely high temperature can
also be analyzed following the same line, as is shown in Table 2.
For T-35°C level, historical decadal change from the 1980s to the
1990s is mainly resulted from the economy growth (80%),
followed by the climate factor (12%) and the combined effect
(7%), while the projected decadal change from the 2080s to the
2090s is mainly controlled by climate factor (62%), followed by
the economy factor (32%) and the combined effect (6%). The

TABLE 1 | Analysis of factors affecting changes in population exposure to extremely high temperature in Southern China.

T-35°C (38°C, 40°C)

Changes Climate and Population Climate Population

1980s to 1990s 4.77% (8.16%, 8.97%) 42.93% (73.47%, 80.80%) 52.31% (18.37%, 10.23%)
2080s to 2090s 3.36% (3.76%, 3.83%) 77.61% (87.00%,88.56%) 19.04% (9.24%, 7.60%)
1980s to 2080s 24.83% (25.14%, 25.20%) 73.65% (74.56%, 74.73%) 1.52% (0.30%, 0.08%)
1990s to 2090s 20.12% (20.31%, 20.34%) 78.74% (79.45%, 79.58%) 1.14% (0.25%, 0.08%)

TABLE 2 | Analysis of factors affecting changes in economy exposure to extremely high temperature in Southern China.

T-35°C (38°C, 40°C)

Changes Climate and Economy Climate Economy

1980s to 1990s 7.33% (20.35%, 26.30%) 12.19% (33.82%, 43.71%) 80.48% (45.83%, 29.99%)
2080s to 2090s 5.67% (6.93%, 7.17%) 62.17% (76.04% 78.60%) 32.16% (17.03%, 14.23%)
1980s to 2080s 90.75% (95.00%, 95.81%) 3.69% (3.87%, 3.90%) 5.56% (1.13%, 0.29%)
1990s to 2090s 89.49% (93.19%, 93.93%) 5.45% (5.67%, 5.72%) 5.06% (1.14%, 0.35%)
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100 years change of exposure from the 1980s to the 2080s and
from the 1990s to the 2090s are both dominated by the combined
effect of climate and economic factors (91 and 89%). When
considering the T-38°C and T-40°C levels economy exposure,
the relative contributions of climate and economy factors have
changed for decadal change in both historical and projected
periods. For higher T-level, in historical decades from the
1980s to the 1990s, the effect of climate factor increases (12%,
to 34%, to 44% for T-35°, 38°, and 40°C respectively) while the
effect of economy factor decreases (80%, to 46%, to 30%), and in
future projected decades, the effect of climate factor increases
(62%, to 76%, to 79%) while the effect of economy factor
decreases (32%, to 17%, to 14%). There is no distinct effect of
T-levels on the percentage (substantially higher than 90%) of the
total exposure change for 100 years change.

4 SUMMARY AND DISCUSSION

4.1 Summary
To quantify the future risks of human and economic exposure to
extremely high temperature within Southern China, the yearly
extreme high-temperature days (EHTDs) during historical
scenario period 1980–1999 and RCP8.5 scenario period
2080–2099 calculated from daily maximum temperature data
obtained from the NEX-GDDP dataset including 21 CMIP5
models outputs are analyzed from two aspects of
climatological changes and trend changes. Taylor Diagrams
and inter-model EOF analysis methods are used to quantify
the model diversities in simulating historical and projected
climatological mean states. The corresponding population and
GDP densities of A2r scenario data from the IIASA GGI Scenario
Database Version 2.0 are also used to calculate the population and
economy exposure to extremely high temperatures, and the
possible physical processes are discussed according to the
results of factor analysis.

For climatological mean state, by comparing the historical
period and RCP8.5 scenario period, the multi-model ensemble
mean patterns show that EHTDs will experience a large increase
at the end of the 21st century, and the T-35°C EHTDs center is
projected to shift to Pan-Beibu Gulf region from Jiangxi province,
but not for the T-38°C and T-40°C centers. Taylor diagrams
presenting model diversities in simulating the climatological
mean EHTDs show that model diversities apart from MME
mean are fairly small, and the diversities increase with the
T-level of EHTDs rises. Inter-Model EOF analysis shows that
principal mode of EHTDs change at T-35°C level represents a
south-north pattern, indicating that the 100-years warming will
impact the southern part (about 25° N southward) greater than
the northern part, while for T-38°C level, the first principal mode
represents a warming pattern with generally two max value
centers of Jiangxi and Guangxi provinces, and for T-40°C
level, the pattern indicates that Jiangxi will still be the core
region where extreme high-temperature day arises. For trend
changes, the EHTDs increase mainly in Jiangxi province during
historical decades, while models projected that the warming
center will shift to Guangxi and western Guangdong, where

people will suffer more extremely hot days, indicating large
risks of human health and economic activity in these regions.

Using population and GDP densities of A2r scenario data, the
population and economy exposure to extremely high
temperatures are calculated. Results show that both these two
exposure risks have experienced a large increase in the future
projected decades. In historical decades, the growth of population
and GDP have dominated the increasing exposure risks, but these
effects weaken with the T-level increases. However, in future
decades, climate change plays a leading role in affecting the
exposure, and its effect strengthens with the T-level increases.
It is worth noting that, for the exposure change from historical
decades to future decades, the dominant contributor to
population exposure changes is the climate factor (74%),
followed by the combined contribution (25%), while
substantially higher than 90% contribution to economy
exposure changes is provided by the combined effects of
climate and economy growth.

4.2 Discussion
This study provides a quantitative evaluation of future projected
population and economy exposure risks to extremely high
temperatures in Southern China under a scenario of
comparatively high greenhouse gas emissions. In the
foreseeable future, with rapid urbanization and economic
growth, Southern China will attract more people and
businesses, and maintain sustained and fast economic growth
and social development. So this study can help the public to better
understand the future risks, and help policymakers to take actions
in advance to reduce the possible risks, and prompt people to pay
more attention to risk management.

Similar analysis can be performed using the globally
downscaled climate dataset in other regions with different
meteorological and social-economic situations. Meanwhile,
there are some limitations in the current work. First, the heat
hazard for human health is preferably quantified in humidity-
related temperature indices (Kovats and Hajat, 2008), such as
wet-bulb temperature (Sherwood and Huber, 2010) or heat index
(Anderson et al., 2013). In the study region of this work, humidity
diversities are significant, especially along the coastal regions.
How the humidity diversities influence the temperature level
relating to human and economic exposure needs to be studied in
detail using other datasets. Second, the up-to-date model outputs
of CMIP6 models have been released, so what figure the new
dataset will show to us needs to be studied, and the consistencies
and discrepancies in CMIP5 and CMIP6 results also need to be
addressed.
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