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Climate change is a global threat: its effects are felt everywhere, although not 
always in the same form or to the same extent. But the impacts in China, and 
measures taken in that country to cope, have special significance. This is 
partly a matter of scale, given that roughly 20% of the world’s population 
lives in China. Losses (and gains) dwarf, in absolute terms, those experienced 
in almost any other country. However, the Chinese story stands out in other 
ways also.

With its fast-rising economy, China is challenged to simultaneously pro-
tect the environment, sustain public health and meet social expectations for 
better quality of life. These pressures exist in many developing countries, but 
the Chinese response to climate change is of particular interest, given the 
country’s capacity to plan long-term and nationwide. Examples include deci-
sive, wide-ranging policies to curb air pollution, expand forests and promote 
low-carbon forms of power generation.

As a summary of climate and health impacts in China, this is an important 
book, for all the reasons above. It aims to describe the climate trends now 
observed in China, the health impacts of these changes, projections for the 
future and adaptations to protect public health. The focus is mainly on rising 
temperatures, but attention is paid also to related changes such as rainfall 
intensity, storm frequency and occurrence of droughts. The health outcomes 
include some that have been closely researched in other countries, such as 
cardiovascular mortality and incidence of water-borne infectious diseases. 
But there are chapters also on less well-understood effects, such as those of 
high temperatures on reproductive health outcomes.

We know that the health effects of a given environmental change, such as 
increased frequency and severity of heatwaves, may differ from one location 
to another and from one time period to the next. Vulnerability to adverse 
effects of climate variability and climate change is partly a function of indi-
viduals (e.g. their age or baseline health status). But vulnerability is deter-
mined also by qualities of the group (social connectedness, for instance) and 
the services that sustain the population (e.g. health care). However, relatively 
few studies have examined the multilevel causes of vulnerability in a country 
like China that is transitioning rapidly to high-income/high-life status.

This book includes several chapters that pursue these questions. In what 
ways do the health risks of rising temperatures differ between China and 
other countries and why? What are the most robust and informative indicators 
of personal vulnerability to climate-related health loss? And what is the role 
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of joint exposures, such as the combination of particulate air pollution and 
heatwaves? This last issue is particularly important in China, since poor air 
quality is still common in many cities and urban environments are especially 
prone to damaging heat.

A distinctive feature of the book is the diverse authorship. A large number 
of scholars from across China have worked together to summarise the present 
state of the science, review the implications for public health and identify the 
most important knowledge gaps requiring further research. It will be a valu-
able resource, both in China and internationally, for scientists and also those 
engaged in one way or another in climate policy.

Auckland, New Zealand Alistair Woodward 

Foreword



vii

Scientific evidence regarding the relationship between climate change and 
human health has been intensified in recent decades, based on the historical 
and current exposure-health outcome associations in different regions of the 
world, together with the modelling of future scenarios. In 2005, the WHO 
Millennium Ecosystem Assessment found that these health effects were 
mediated by various causal pathways including heatwaves and other extreme 
weather events, changes in the spread of pathogens and pollution of air and 
water. A decade later, the Lancet Commission published its report on Health 
and Climate Change, which concluded that climate change threatens to 
undermine public health gains in the past 50 years, and suggested that a com-
prehensive response to climate change could be “the greatest global health 
opportunity of the 21st century”. Indeed, given that even at the current 1 
degree global warming, it has demonstrated the impact on our health and 
wellbeing. Over the next 20 years, we are likely, as the most recent IPCC 
report presented, to exceed the 1.5 degree threshold agreed to as an aspira-
tional limit, and thus it is important that we take a timely systematic approach 
to understand the health risks from climate change and plan for future human 
health impacts.

As the largest developing country, climate change has and will continue to 
have negative impacts on population health in China. Given its vast geo-
graphic coverage, large population, varying climatic zones, in-balanced 
socioeconomic developments and underdeveloped health services, it is 
important to undertake comprehensive health risk assessments and risk char-
acterisation in the context of climate change, especially considering the 
extreme heat and other extreme weather events. This will also allow relevant 
policies and practical guidelines to be developed and refined.

Edited by Professors Hualiang Lin, Wenjun Ma and Qiyong Liu, a group 
of distinguished Chinese scientists in the climate change and population 
health area are working together to complete this book. It is, for the first time, 
a comprehensive summary of the impacts of extreme heat and other extreme 
weather events on population health in China, including the risk assessments 
on both infectious diseases and chronic diseases, as well as reproductive 
health outcomes. In addition, the authors have examined health impacts from 
the interactions between air pollution and weather variables, assessed the 
health vulnerability to climate change, compared the health outcomes due to 
extreme heat with these in other countries and projected future health out-
comes due to climate change. Furthermore, they have explored the public 
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health adaptation strategies and proposed further research directions in cli-
mate change and population health in China.

This comprehensive book provides updated information to readers in the 
areas of health and medical services, climate change adaptation, community 
resilience, emergency service and environmental protection, both in China 
and international research and adaptation communities. It will not only help 
readers fully understand climate change and population health in China but 
also assist research and adaptation capacity building, especially for postgrad-
uate students, early career researchers and practitioners alike.

Adelaide, SA, Australia Peng Bi

Foreword
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Overview of Climate Change 
in China

Changke Wang and Lin Zhao

Abstract
It is at the rate of 0.32  °C/decade that the 
annual average surface air temperature over 
China rose from 1961 to 2017. And the warm-
ing rate of the annual mean minimum temper-
ature, 0.42 °C/decade, was much higher than 
that of the maximum temperature (0.27  °C/
decade). The annual precipitation over China 
showed no linear trend. During 1961–2017, 
China is characterized by a rise in high tem-
perature days, heavy rainfall days, and the 
number of typhoons. Annual mean sea level 
around China increased at an average rate of 
3.3  mm/a from 1980 to 2017, which was 
higher than that of the world. Temperature in 
China will keep rising in the future and go up 
1.3–5.0 °C by the end of the twenty-first cen-
tury. The number of high temperature days 
and heat wave will also increase in the twenty- 
first century over China. And the annual pre-
cipitation, extreme precipitation, and extreme 
drought events in China will increase. The sea 
level in China will also continue to rise in the 
future.

Keywords
Climate change · Climate-related extreme 
event · China

1.1  Introduction

Severe changes in  local climate and weather 
caused by climate change can have multiple 
effects on human health. Due to various adapta-
tion capacities, the impacts of climate change on 
human health will be different among regions [1].

Climate change impacts human health 
adversely by increasing human populations’ 
exposure and vulnerability to climate-related 
stresses [2]. The human health is sensitive to 
shifts in weather patterns and other aspects of cli-
mate change [3]. Shifts in the seasonality, geo-
graphic range, and intensity of transmission of 
climate-sensitive infectious diseases are associ-
ated with changing weather patterns [4, 5].

Climate change produced a series of harmful 
effects on human health in China [6, 7]. For 
example, the cardiovascular mortalities in Wuhan 
City increased year by year during 1998–2008, 
which has been associated with climate change 
[8]. In the Yangtze River Basin, snails has 
expanded from the south to the north under cli-
mate warming [9]. In eastern Sichuan Province 
and eastern Yunnan Province, the number of 
respiratory diseases patients has risen resulting 
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from significantly increased foggy days [10]. The 
increasing intensity and frequency of summer 
heat waves in Guangdong Province resulted in 
the increased risk of heat stroke and cardiovascu-
lar and respiratory diseases [11].

Extreme weather and climate events have 
many important impacts in terms of casualties 
and other health effects [12] and cause increasing 
morbidity and mortality [13]. Since 1980, the 
risk of heat-related death or illness has steadily 
climbed [14]. From 2000 to 2016, the amount of 
vulnerable people who were exposed to heat 
wave events has risen by around 125 million [15]. 
In 2016, 23.5 million people were displaced by 
weather-related disasters, and most of those dis-
placements were strongly associated with storms 
or floods [16].

Intergovernmental Panel on Climate Change 
(IPCC) Fifth Assessment Report concluded that 
climate change will lead to greater risks of death, 
disease, and injuries because of more intense heat 
waves and fires; increased risks of malnourish-
ment resulting from reduced food production in 
poor regions; but modest reductions in cold- related 
morbidity and mortality in some areas [13]. In 
China, high temperature subsidies for employees 
who work outdoors on extremely hot days, taking 
account of employment structure and population 
growth, are projected to rise from 38.6  billion 
RMB Yuan per year during 1979–2005 to 250 bil-
lion RMB Yuan per year in the 2030s [17].

In this chapter, the global climate change was 
firstly described in brief. Then climate change 
and extreme weather and climate events in China 
were summarized in detail; Finally, future cli-
mate change projection of both the world and 
China was presented.

1.2  Global Climate Change 
in Brief

The global climate system has changed signifi-
cantly with the main features of warming since 
the beginning of the Industrial Revolution (about 
1750). The global warming is more significant 
especially since the 1950s. The global mean sur-
face temperature presents a warming of 0.85 °C 
from 1880 to 2012 [18], and the warming rate 

over the past 60 years (1951–2010) is 0.12  °C/
decade. The global mean temperature for 2013–
2017, approximately 1 °C above that for 1850–
1900, is the highest 5-year average on record 
[19]. The year 2016, about 1.1 °C above the pre- 
industrial period, was the warmest year on record 
for both the northern and southern hemispheres 
and for both land areas and oceans. In 2017, 
global mean temperatures were 1.1  ±  0.1  °C 
above the pre-industrial levels [19].

The precipitation over global land has changed 
a little since 1901. And the averaged precipitation 
has increased over the mid-latitude land regions 
of the northern hemisphere. Meanwhile, the area- 
averaged long-term trends for other latitudes are 
positive or negative (low confidence) [18].

The world sea levels also continued to rise. 
Global mean sea level has gone up by 190 mm 
over the period 1901–2010, with an average rate 
of 1.7 mm/a. Since the early 1900s, the rise rate 
of global mean sea level has increased. The rate 
was higher at 3.2 mm/a from 1993 to 2010; simi-
larly high rates occurred during 1920–1950 [19].

Extreme temperatures have changed greatly in 
the past decades. Frosts, cold days, and cold 
nights have become more rare, while heat waves, 
warm days, and warm nights become more fre-
quent, and the intensity of heat wave disasters in 
the world is increasing from 1951 to 2010 [18]. 
For example, the rare high temperature heat waves 
in the Midwest of Europe in the summer of 2003 
broke the record since 1780, and in 2015 Europe 
again had a large, long, and rare heat wave.

There are more land areas where the amount 
of heavy precipitation events has risen than where 
it has decreased. For example, the intensity or 
frequency of heavy precipitation events, in North 
America and Europe, has increased [18].

1.3  Climate Change and Extreme 
Weather Events in China

1.3.1  Changes in Air Temperature 
Over China

Annual mean air temperatures over China show a 
significant rise of 1.21  °C between 1901 and 
2017, and the warmest period is in the past two 
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decades since the beginning of the twentieth cen-
tury [15].

From 1961 to 2017, annual mean air tempera-
tures over China were rising, with a rate of 
0.32 °C/decade (Fig. 1.1). The warming in China 
is above the global average.

Annual mean surface maximum tempera-
tures over China increased at a rate of 0.27 °C/
decade from 1961 to 2017, which is less than 
that of the mean air temperatures (Fig. 1.2). The 
mean maximum temperature was relatively sta-
ble before the 1990s and has been significantly 
rising since then. From a seasonal perspective, 
it rose considerably in winter but only slightly 
in summer.

Annual mean surface minimum temperatures 
over China rose at a rate of 0.42 °C/decade from 
1961 to 2017, which is greater than both that of 
the mean air temperatures and that of the maxi-
mum air temperatures (Fig.  1.3). It rose slowly 

before 1987 and has been increasing much faster 
since 1987. The mean minimum temperature in 
each season shows an increasing trend, which is 
most noticeable in winter [20].

The rate of warming over China in recent 
20  years has slowed down [21]. In the last 
20  years, the warming rate of the land surface 
mean temperature declines (Fig.  1.1). Such a 
slowdown can be found in the changes of both 
maximum and minimum temperature (Figs.  1.2 
and 1.3).

During 1961–2017, the regional annual 
mean surface air temperature in China was 
overall rising but exhibited remarkable regional 
difference (Fig. 1.4). The Qinghai-Tibet region 
even reported a temperature rise of 0.37  °C/
decade during 1961–2017. The warming rates 
of North China, Northwest China, and Northeast 
China are 0.33, 0.30, and 0.30  °C/decade, 
respectively. East China reported a temperature 
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rise of 0.24  °C/decade. The warming rates of 
Central China, South China, and Southwest 
China are 0.18, 0.17, and 0.16  °C/decade, 
respectively [22].

1.3.2  Changes in Precipitation Over 
China

The national average annual precipitation over 
China showed no significant linear trend from 
1961 to 2017. In the 1990s, China statistically 
had more precipitation. In the first decade of this 
century, China had less precipitation. However, 
the precipitation averaged over China kept being 
above normal in the past 6 years (Fig. 1.5).

During 1961–2017, China noticeably differed 
in the trends of regional averaged precipitation 
(Fig. 1.6). The Qinghai-Tibet region became wet-
ter, with an increasing trend of 8.9 mm/decade, 
while Southwest China was on a dry side, with a 
decreasing trend of 13.0 mm/decade. The mean 
annual precipitations of North China, Northeast 
China, Northwest China, Central China, and East 
China reported no linear trend though with some 
inter-decadal fluctuations. From the beginning of 
the twenty-first century, the average annual pre-
cipitations of North China, South China, and 

Northwest China increased gradually, while 
those of Central China and Southwest China 
were generally with a decreasing trend.

1.3.3  Changes in Extreme Weather 
and Climate Events

The extreme weather and climate events in 
China are characterized by large variation, high 
frequency, periodic and seasonal occurrences, 
broad regional differences, and widespread 
impacts. A variety of weather and climate events, 
including heat waves, freezing, drought, rain-
storms, typhoons, dust storms, gales, and hazes, 
happen frequently in many regions across the 
country [20].

1.3.3.1  High Temperature
The mean number of annual high temperature 
days (daily maximum temperature ≥35.0  °C) 
over China exhibited an upward trend during 
1961–2017, with a rising rate of 0.5 day/decade 
(Fig. 1.7). The periodic variation was significant. 
From the 1960s to the mid-1980s, there was a 
decreasing trend, and there was a marked increas-
ing trend that has been maintained since the late 
1980s (Fig.  1.5). From the beginning of the 
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twenty-first century, the average number of 
annual high temperature days was 9.7  days, 
which is 2.8  days more than normal (reference 
period, 1971–2000).

1.3.3.2  Heavy Rainfall
During 1961–2017, China saw significantly 
decreased rain days, but the heavy rainfall days 
(daily rainfall ≥50  mm) increased at a rate of 
3.9% per decade (Fig. 1.8).

1.3.3.3  Tropical Cyclones and Typhoons
From 1949 to 2017, the number of tropical 
cyclones landing in China with a maximum sus-
tained wind speed near the bottom center 
≥17.2 m/s showed a mild upward trend and great 
inter-annual variability; there were a maximum 
of 12 (in 1971) and a minimum of 3 (in 1950 and 
1951) during the period (Fig. 1.9). The number of 
typhoons (with a maximum sustained wind speed 
near the bottom center ≥32.7 m/s) presented an 
increasing trend, which was particularly signifi-
cant since the beginning of the twenty-first 
century.

1.3.3.4  Sandstorm
From 1961 to 2017, the number of sand-dust 
days showed a downward trend in Northern 
China. Since the 1980s, the amount of sand-dust 
days has declined sharply (Fig.  1.10). In most 
regions, there were much fewer dust storm days 
during the 1980s and 1990s than during the 1950s 
and 1960s.

1.3.4  Sea Level Change Around 
China

Annual mean sea level around China increased at 
a mean rate of 3.3  mm/a from 1980 to 2017, 
which was higher than that of the world. At the 
last 6 years, the coastal sea level has been in the 
highest level since 1980, and the top 6 of the sea 
level from high to low are in 2016, 2012, 2014, 
2013, 2017, and 2015. In 2016, the annual mean 
sea level around China was 82 mm higher than 
average for the 1993–2011 period and the highest 
since 1980 [9]. Observed at the tide gauge station 
of Hong Kong Victoria Harbor, the annual mean 
sea level experienced a fluctuated rise at a rate of 
3.2 mm/a from 1954 to 2017, which rose rapidly 
during 1990–1999 and then moved down slowly. 
Bohai Bay sea levels show a prominent rising 
trend of 3.3  mm/a from 1950 to 2015. The 
increasing speed has been particularly rapid at a 
rate of 4.7 mm/a from 1980 to 2015 [23].

1.4  Projection of the Future 
Climate Change

Under the Coupled Model Inter comparison 
Project Phase 5 (CMIP5), climate change projec-
tion experiments consider four sets of possible 
emission scenarios in the future, denoted the 
Representative Concentration Pathways. And 
RCP2.6, RCP4.5, RCP6.0, and RCP8.5 refer to 
the scenarios in which most stringent, moderate, 
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and no restriction will be given on the greenhouse 
gases emission, respectively, and radiative forc-
ing values will be +2.6, +4.5, +6.0, and + 8.5 W/
m2 in 2100 relative to pre-industrial values, 
respectively [24].

1.4.1  Future Global Climate Change

It is projected that global warming will continue 
based on the CMIP5 models [25]. Relative to 
1986–2005, the global average surface tempera-
ture will increase by 0.3–0.7 °C for 2016–2035 
and by 1.0 °C (0.3–1.7 °C), 1.8 °C (1.1–2.6 °C), 
2.2 °C (1.4–3.1 °C), and 3.7 °C (2.6–4.8 °C) for 
RCP2.6, RCP4.5, RCP6.0, and RCP8.5 by the 
end of the twenty-first century [3]. By the end of 
the twenty-first century, global average surface 
temperature change is projected to exceed 1.5 °C 
for RCP4.5, RCP6.0, and RCP8.5, relative to 
1850–1900.

CMIP5 models project that the global precipi-
tation will gradually increase throughout the 
twenty-first century with continued global warm-
ing. The models results show that the precipita-
tion will increase by about 1–3% if surface 
temperature rises by 1 °C. And the change in the 
horizontal mean precipitation will reflect a typi-
cal response of “wetter in wet areas and dryer in 
the dry areas.”

As global mean temperatures increase, fewer 
cold and more hot temperature extreme events 
will occur in most places. Heat waves will hap-
pen with increasing frequency, magnitude, and 
duration. Nevertheless, occasional cold winter 
extremes will go on happening. The monsoon 
precipitation at a global scale will increase in 
amount and intensity. East Asian summer mon-
soons, in particular, will remarkably intensify. 
And the winter monsoon in East Asia will weaken 
in the twenty-first century [18].

Under RCP2.6 scenario, the global mean sea 
level will rise by 260–550  mm in the next 
100 years. It is very likely that the sea level of 
over 95% global oceans will rise, and the sea 
level rise in about 7% of the coastal areas will 
not exceed 20% of the global average. Under 
RCP8.5, the global average sea level will rise by 
450–820 mm.

1.4.2  Future Climate Change Over 
China

1.4.2.1  Temperature
Under the low- (RCP2.6), medium- (RCP4.5), 
and high-emission (RCP8.5) scenarios, the mean 
temperature over China will rise by 1.3, 2.6, and 
5.0  °C, respectively, in 2081–2100 relative to 
1986–2005. Under all scenarios, the range of 
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warming over China will be higher than that of 
the world, as the temperature rise in China only 
takes into account the warming of the land, not 
the ocean.

The highest daily maximum temperature will 
rise by 1.3, 1.5, and 2.0 °C for RCP 2.6, RCP 4.5, 
and RCP 8.5 by the mid-twenty-first century and 
by 1.5, 2.7, and 5.5 °C by the end of the twenty- 
first century, respectively [20]. The lowest daily 
minimum temperature will go up by 1.5, 1.7, and 
2.2  °C by the mid-twenty-first century and by 
1.6, 2.9, and 5.8 °C by the end of the twenty-first 
century, respectively [20].

Under the 2.0 °C and 1.5 °C target, the annual 
mean surface air temperature (SAT) over China 
will increase by 2.4–2.7  °C and 1.7–2.0  °C, 
respectively. The SAT over Northwestern China 
would rise by 2.6–2.7  °C for the 2.0  °C target, 
much higher than that over Southeast China (1.9–
2.1 °C). For the 1.5 °C target, the SAT would rise 
by 1.9–2.1  °C and 1.3–1.5  °C over the two 
regions, respectively [26].

Under the RCP4.5 scenario, there will be 
more stronger extreme warm events and fewer 
extreme cold events over China. The heat wave 
duration index will be 2.6 times higher than cur-
rent level by 2046–2065. But the cold wave dura-
tion index will be 71% less than that in 1986–2005 
by the end of the twenty-first century [27].

1.4.2.2  Precipitation
Under RCP2.6 and RCP8.5, the mean precipita-
tion in China will grow 0.05 mm/day (2%) and 
0.15  mm/day (5%) by 2100, respectively. The 
precipitation in the north of China may increase 
by 5–15% by the end of the twenty-first century, 
while that in the south of China will not change 
significantly [21].

Under global warming, the extreme precipita-
tion in China will increase; extreme snowfall 
events will increase in the north and will decrease 
in the south; the cold waves in China will abate. 
The extreme drought events will increase with a 
significant increase of the days of high tempera-
ture and heat waves [21].

In the Eastern Monsoon Region of China, 
extreme floods and droughts will be an increasing 
trend. The amount of intensive precipitation 

events and the intensity and frequency of floods 
and droughts are projected to increase during 
2020–2040. The frequency of extreme drought 
events is projected to rise fluctuately over the 
next 30–50 years [28].

Under the RCP8.5 scenario, high flood risk 
will mainly appear in Eastern China, Hebei, 
Beijing, Tianjin, and eastern Sichuan in the 
future. The major cities in Northeast China, parts 
of Shaanxi and Shanxi, and some coastal areas in 
southeastern China also will encounter high flood 
risks [29].

By the end of the twenty-first century, there 
will be great risk of drought disasters in North 
China, East China, and central Northeast and 
Southwest China. The areas with high risk of 
drought disasters will increase significantly [20].

1.4.2.3  Sea Level
Under RCP 8.5, the sea level around China will 
rise by 400–600 mm by the end of the twenty- 
first century, relative to the twentieth century. In 
the next 30 years, it is projected that the coastal 
sea levels of the Bohai Sea will rise by 
65–135  mm, Yellow Sea by 60–130  mm, East 
China Sea by 75–145 mm, and South China Sea 
by 60–130 mm [23].

1.5  Summary

The global mean surface temperature showed a 
rise of 0.85 °C from 1880 to 2012, and the rate of 
temperature rise between 1951 and 2012 
(0.12  °C/decade) was almost twice the rate 
between 1880 and 2012. The rising of the global 
average sea level has accelerated, and the rate of 
increase reached 3.2  mm/a between 1993 and 
2010. The global mean surface temperature will 
continue to increase by the end of the twenty-first 
century. Heat waves, heavy precipitation, and 
other climate extremes will happen more 
frequently.

During 1961–2017, annual mean air tempera-
tures over China are rising. The north part of 
China secured a warming rate apparently faster 
than that of the southern counterparts. Meanwhile 
the western China exhibited greater warming 
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rates exceeding the eastern part of the country. 
China noticeably differed in the trends of 
regional averaged precipitation. The Qinghai-
Tibet region became wetter, while Southwest 
China was on a dry side. The rest parts of the 
country reported on linear trend though with 
some inter-decadal fluctuations. Temperature in 
China will keep rising in the future and go up by 
1.3–5.0 °C by the end of the twenty-first century. 
And annual precipitation in China will also 
increase.

During 1961–2017, weather and climate 
extremes have changed significantly in China. 
The numbers of high temperature days, rainstorm 
days, and the amount of tropical cyclones landing 
in China have increased, and the amount of sand- 
dust days in Northern China has decreased. In the 
future, some extreme weather and climate events 
over China will increase. The number of high 
temperature and heat waves will substantially 
increase. Extreme drought events will increase, 
while the drought events in China will happen 
less frequently.
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Ambient Temperature 
and Mortality in Chinese 
Population

Xiaojie Wang, Zengliang Ruan, Yin Yang, Siqi Ai, 
Lingli Zhang, Xiangyan Sun, and Hualiang Lin

Abstract
Numerous evidence revealed that climate 
change could have adverse effects on human 
health, while in developing countries, espe-
cially in China, less evidence covering differ-
ent climatic zones is available due to data 
unavailability. We searched studies which 
investigated the association between ambient 
temperature and mortalities in six databases. 
We performed random-effects model to cal-
culate pooled estimated for mortalities in 
association with per 1  °C increase (or 
decrease). We finally included 17 in 819 iden-
tified articles. Short-term exposures to inap-
propriate temperature were significantly 
associated with mortalities, per 1 °C increase 
corresponded to a 1.2% (95% CI: 1.1%, 
1.3%) increase in all- cause mortality, a 2.6% 
(95% CI: 2.4%, 2.9%) increase in cardiovas-
cular mortality, and a 1.2% (95% CI: 1.0%, 
1.3%) increase in respiratory mortality. And 
each 1 °C decrease caused a 3.1% (95% CI: 
2.7%, 3.5%) in all- cause mortality, a 1.5% 
(95% CI: 1.2%, 1.9%) increase in cardiovas-

cular mortality, and a 3.3% (95% CI: 2.8%, 
3.9%) increase in respiratory mortality. Our 
findings indicated that the increase and 
decrease in ambient temperature have rela-
tionships with mortalities among Chinese 
population and cold effect was more durable 
and pronounced than hot effect.

Keywords
Mortality · Temperature · China · Heat 
exposure · Cold exposure

2.1  Introduction

In the last 130 years, the world has warmed by 
approximately 0.85 °C. Since 1850, temperatures 
have been significantly warmer than previous 
decade [1]. Although global warming can bring 
some local benefits, such as reduced winter 
deaths in temperate climes and increased food 
production in some areas, climate change has 
adverse effects on overall health. Extreme high 
air temperatures contribute directly to deaths 
from cardiovascular and respiratory disease, par-
ticularly among elderly people. For example, 
more than 70,000 excess deaths were recorded in 
the heat wave of summer 2003 in Europe [2].

Existing evidence shows that meteorological 
factors have apparent association with death, 
such as temperature, relative humidity, atmo-
spheric pressure, wind velocity, etc. Study area 
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was mainly located in coastal area and economic 
developed area in China; few studies have 
focused on the effects of meteorological factors 
on mortality among county-level city and eco-
nomically backward area.

With global warming, ambient temperature 
has the greatest impact on death among the mete-
orological factors. Increasing evidence indicated 
that exposure to inappropriate temperature could 
have adverse effects on human health worldwide. 
Most of these studies demonstrated that the rela-
tionship between temperature and mortality was 
generally U-, V-, or J-shaped, with higher risks of 
mortality in extreme cold and hot temperature. 
However, the associations vary among different 
studies due to differences in geographic loca-
tions, population characteristics, and weather 
conditions, so more comprehensive studies with 
a wider variety of climate zone and population 
structure are needed to assess the overall associa-
tion among Chinese population [3–5].

Cardiovascular disease and respiratory disease 
are one of the leading causes of death worldwide. 
An estimated 17.3 million people died from car-
diovascular disease in 2008, representing 30% of 
all global deaths. Low- and middle- income coun-
tries are disproportionally affected: over 80% of 
cardiovascular disease deaths take place in low- 
and middle-income countries and occur almost 
equally in men and women [6]. Respiratory dis-
ease includes asthma, chronic obstructive pulmo-
nary disease (COPD), pneumonia, etc. According 
to the latest World Health Organization (WHO) 
estimates, currently 64 million people have COPD, 
and three million people died of COPD.  WHO 
predicts that COPD will become the third leading 
cause of death worldwide by 2030 [7]. A lot of 
studies demonstrated cardiovascular disease and 
respiratory disease were related to meteorological 
factors, especially to temperature.

Many recent epidemiological studies have 
investigated that extreme temperatures have vari-
ous adverse effects on human health in China [8, 
9], while most studies were limited to a single city 
or a small number of cities in China [10, 11]. 
However, these results cannot fully show the 
real effects due to the wide range of climatic, 
sociodemographic, and cultural characteristics of 
China. Therefore, a study overview to summarize 

the relationship between ambient temperature and 
mortality among Chinese population is warranted.

In this chapter, we examined the ambient tem-
perature and mortality in Chinese population 
including Mainland China, Hong Kong, Taiwan, 
and Macao. This study will provide useful infor-
mation to develop intervention strategies for cold 
and hot temperature exposures in China.

2.2  Materials and Methods

2.2.1  Literature Search and Data 
Extraction

We searched the major electronic databases 
including MEDLINE database, PubMed data-
base, Ovid database, China National Knowledge 
Infrastructure (CNKI) database, Chinese 
Wanfang database, and Chinese VIP database. 
We used the following combinations of key-
words: (1) temperature, weather, climate change, 
heat, cold, and season and (2) adverse effect, 
health, disease, death, and mortality. In order to 
reflect the health effects of exposure to inappro-
priate temperature among Chinese populations, 
we searched potential articles on temperature 
over the China published between January 2000 
and December 2017. References of all included 
articles were searched for any additional studies.

We converted the effect estimates reported in 
each study into the ER in deaths per 1 °C increase 
(or decrease) in daily average temperature if dif-
ferent scales or indicators were used. And we 
contacted authors to apply for additional data as 
necessary. Two investigators have extracted data 
independently, and conflicts were adjudicated by 
a third investigator.

2.2.2  Study Selection Criteria

Eligible studies fell into following categories:

 1. All epidemiological studies, in both English 
and Chinese, involved the health impacts of 
exposure to temperature.

 2. Original studies provided quantitative 
exposure- response relationships between 
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ambient temperature and health outcomes 
(e.g., relative risk, odds ratios, excess risk 
[ER], or hazard ratios and their 95% confi-
dence intervals [95% CI]).

 3. At least 1 year of daily data relating to a gen-
eral population.

 4. Studies were not identical or similar in terms 
of location or study period.

 5. Study location must be located in Mainland 
China, Hong Kong, Taiwan, and Macao.

We selected the most recent studies if more than 
two published articles have the same study period, 
location, and population. We presented a flow dia-
gram of the study selection process (Fig. 2.1).

2.2.3  Statistical Analysis

We used random-effects meta-analysis to estimate 
the overall association between ambient tempera-
ture and mortality as well as the corresponding 

95% confidence interval. The excess risk was 
used as a summary statistic. To check the robust-
ness of the effect estimation, we conducted a sen-
sitivity analysis by individually excluding the 
studies with the largest and the smallest effect 
estimates from the meta-analyses.

We applied I2 test to examine heterogeneity. I2 
statistic was used to estimate the percentage of 
total variation across studies because of heteroge-
neity rather than chance. I2 can be calculated as 
the following formula: I2 = 100%*(Q – df)/Q (Q, 
Cochrane’s heterogeneity statistics; df, degree of 
freedom). We defined more than 50% heteroge-
neity as substantial heterogeneity. If no substan-
tial heterogeneity exits in the combined data, we 
used fixed-effects model to calculate overall esti-
mate, and if substantial heterogeneity is present, 
a random-effects model is more appropriate [12]. 
To further confirm the robustness of the results, 
we have showed the results with both fixed- and 
random-effects models.

Finally, publication bias was evaluated using 
funnel plots and Egger’s linear regression 
method. All analysis was done and performed 
using R version 2.13.0 (R Foundation for 
Statistical Computing, Vienna, Austria). A value 
of p < 0.05 was considered significant.

2.3  Results

The process of study selection is shown in 
Fig. 2.1. Our search stratifies and initially identi-
fied a total of 819 articles, among which 768 
were excluded as they were irrelevant to the 
study topic by examining the abstract. The 
remaining 51 underwent in-depth review, 19 of 
them were excluded due to their estimated effect 
based on extreme climate change such as cold 
spells and heat waves; 11 studies were excluded 
based on the special meteorological indicators 
(diurnal temperature range; universal thermal 
climate index; temperature changes between 
neighboring days; apparent temperature); and 4 
studies showed, at the same time, geographical 
area with similar information removed. The 
remaining 17 studies were included in the meta-
analysis. Among them, 12 articles examined the 
relationships between all-cause mortality and 

Studies returned
through database
searching (n=819)

768 records were
excluded based on

the title and abstract

30 studies were excluded:
19 studies estimated effects
based on extreme climate

change
11 studies were excluded

based on the special indicator

Full-text articles
accessed for

eligibility (n=51)

Review more details
(n=21)

Studies included in
the meta-analysis

(n=17)

4 records were excluded
due to be replaced by later

re-analysis of the same data

Fig. 2.1 Procedure for literature search
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temperature, 12 reported the effects of tempera-
ture on cardiovascular mortality, and 10 esti-
mated the associations between ambient 
temperature and respiratory mortality.

2.3.1  Short-Term Effects on All- 
Cause Mortality

We systematically searched for all articles con-
taining the association between temperature and 
mortality. A total of 12 studies reporting the 
short-term effects of temperature on all-cause 
mortality were finally included after excluding 
studies from the same study area (Table 2.1).

The pooled associations between temperature 
exposure and mortalities were separately reported 
for the heat and cold exposure. For hot effects, 51 
of the 84 estimates of all-cause mortality were 
statistically significant; and for cold effects, 71 of 
the 84 estimates were statistically significant. 
Based on random-effects models in the meta- 
analyses, we estimated that a 1 °C increase was 
related to a 1.2% increase (95% CI: 1.1%, 1.3%) 
in all-cause mortality, and 1 °C decrease was cor-
responded to a 2.6% increase (95% CI: 2.4%, 
2.9%) in all-cause mortality.

We observed significant heterogeneity across 
the study areas. For hot effects, one study in 
Fuzhou reported a considerable positive associa-
tion between heat exposure and all-cause mortal-
ity (ER = 21.7%, 95% CI: 12.0%, 32.3%) [13], 
while negative effect was observed in Lhasa 
(ER  =  7.9%, 95% CI: –16.6%, 39.6%) and in 
Urumqi (ER = 0.9%, 95% CI: –1.9%, 3.7%) [14]. 
For cold effects, study from Hong Kong reported 
a positive but nonsignificant association between 
cold exposure and all-cause mortality (ER = 2.1%, 
95% CI: –2.3%, 4.6%) [15]; however, a large pos-
itive effect was reported in Guangzhou 
(ER = 9.6%, 95% CI: 7.5%, 11.7%) [16].

2.3.2  Short-Term Effects 
on Cardiovascular Mortality

A total of 70 individual effect estimates were iden-
tified by our literature search for the short- term 
effects on cardiovascular mortality (Table 2.2).

Statistically significant associations between 
temperature and cardiovascular mortality were 
reported in most of the study cities. For hot 
effects, 44 of the 72 estimates of all-cause mor-
tality were statistically significant; and for cold 
effects, 56 of the 72 estimates were statistically 
significant. We observed pooled ER for cardio-
vascular mortality for each 1 °C increment was 
1.2% (95% CI: 1.0%, 1.3%); the pooled ER was 
3.1% (95% CI: 2.7%, 3.5%) for each 1  °C 
decrement.

Between-city heterogeneity was observed in 
the short-term cardiovascular mortality effects 
of temperature. For hot effects, studies from 
Changsha reported a positive but nonsignificant 
association between heat exposure and cardio-
vascular mortality (ER = 8.2%, 95% CI: –14.1%, 
36.4%) [17], and another study in Harbin also 
reported the same results (ER = 2.1%, 95% CI: 
–0.3%, 4.6%) [13], while a large effect was 
observed in Kunming (ER  =  14.3%, 95%CI: 
3.8%, 25.8%) and Guangzhou (ER  =  22.6%, 
95% CI: 10.2%, 36.4%) [17]. For cold effects, 
the positive relationships were observed between 
cold exposure and cardiovascular mortality in 
Nanjing (ER = 5.1%, 95% CI: 1.6%, 16.4%) and 
Chengdu (ER  =  3.5%, 95% CI: 1.0%, 12.8%) 
[18], while large but nonsignificant results were 
found in Zhuhai (ER = 10.3%, 95% CI: –6.5%, 
30.0%) [17].

2.3.3  Short-Term Effects 
on Respiratory Mortality

We finally included 60 individual effect estimates 
in our meta-analysis to investigate the short-term 
effects on respiratory mortality (Table 2.3).

A number of study cities presented signifi-
cant relationships between temperature and 
respiratory mortality. For hot effects, 29 of the 
60  estimates of all-cause mortality were statisti-
cally significant; and for cold effects, 45 of the 
60 estimates were statistically significant. The 
short- term effects of heat exposure on the respi-
ratory mortality were 1.5% (95% CI: 1.2%, 
1.9%), and the short-term effects of cold expo-
sure on the respiratory mortality were 3.3% 
(95% CI: 2.8%, 3.9%).
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Table 2.1 Summary of studies on the all-cause mortality effects of ambient temperature

Study Location Period year Hot effects Cold effects
Chan (2010) Hong Kong 1998–2006 5.5 (2.2, 9.0) 2.1 (−2.3, 4.6)
Wu (2013) Zhuhai 2006–2010 2.3 (0.4, 4.2) 11.1 (7.8, 14.5)
Wu (2013) Guangzhou 2006–2010 2.9 (2.0, 3.9) 9.6 (7.5, 11.7)
Wu (2013) Changsha 2006–2009 2.0 (0.3, 3.7) 6.1 (2.3, 9.9)
Wu (2013) Kunming 2006–2009 1.7 (0.4, 3.0) 4.4 (3.3, 5.6)
Pei (2011) Fuzhou 2004–2007 21.7 (12.0, 32.3) 21.7 (12.0, 32.3)
Pei (2011) Shantou 2005–2007 2.8 (1.1, 4.6) 2.8 (1.1, 4.6)
Guo (2011) Tianjin 2005–2007 2.0 (0.7, 3.4) 3.0 (0.9, 5.2)
Zhang (2014) Shanghai 2001–2008 1.6 (1.3, 2.0) 2.0 (1.7, 2.3)
Ma (2016) Nanjing 2008–2010 1.2 (1.0, 1.4) 3.0 (1.3, 6.5)
Ma (2016) Chengdu 2008–2010 1.0 (1.0, 1.1) 2.8 (1.1, 7.0)
Zhang (2016) Wuhan 2003–2010 17.7 (12.6, 22.9) 2.4 (1.7, 3.1)
Lin (2015) Taiwan 2000–2008 1.1 (0. 9, 1.4) 1.2 (1.1, 1.3)
Zhang (2017) Tianmen 2009–2012 1.2 (1.1, 1.4) 2.2 (1.5, 3.3)
Zhang (2017) Yingcheng 2009–2012 1.2 (1.1, 1.4) 1.9 (1.2, 3.1)
Zhang (2017) Macheng 2009–2012 1.1 (0.9, 1.2) 1.3 (0.8, 2.2)
Zhang (2017) Wufeng 2009–2012 1.0 (1.0, 1.0) 1.3 (0.6, 2.8)
Zhang (2017) Gucheng 2009–2012 1.0 (0.9, 1.1) 0.9 (0.5, 1.6)
Li (2016) Chongqing 2010–2013 3.0 (2.0, 5.0) 6.0 (4.0, 8.0)
Ma (2014) Xi’an 2001–2004 2.7 (−0.0, 5.5) 2.3 (0.9, 3.8)

Ma (2014) Shenyang 2005–2008 3.0 (1.1, 5.0) 0.9 (0.0, 1.7)
Ma (2014) Lanzhou 2004–2008 0.1 (−2.7, 3.0) −0.5 (−1.5, 0.6)
Ma (2014) Hangzhou 2002–2004 1.0 (−3.4, 5.6) 1.8 (−1.0, 4.7)
Ma (2014) Anshan 2001–2004 3.3 (0.3, 6.3) 0.8 (−0.7, 2.4)
Huang (2015) Beijing 2006–2011 1.0 (0.2, 1.8) 3.3 (0.2, 6.6)
Huang (2015) Xuanhua 2006–2011 1.9 (0.6, 3.3) 3.6 (1.2, 6.1)
Huang (2015) Taiyuan 2006–2011 0.9 (−0.1, 1.9) 7.4 (5.0, 9.8)

Huang (2015) Huguan 2006–2011 1.0 (−0.4, 2.4) 5.4 (3.0, 7.9)

Huang (2015) Hohhot 2006–2011 1.0 (−0.2, 2.2) 11.0 (7.1, 14.9)

Huang (2015) Bayannur 2006–2011 0.5 (−0.5, 1.5) 7.9 (5.2, 10.7)

Huang (2015) Dalian 2006–2011 0.8 (−0.0, 1.6) 1.7 (0.4, 3.0)

Huang (2015) Fengcheng 2006–2011 0.5 (−0.6, 1.5) 2.8 (0.6, 5.0)

Huang (2015) Fuxin 2006–2011 1.3 (−1.5, 4.1) 2.3 (0.7, 3.8)

Huang (2015) Changchun 2006–2011 0.7 (0.1, 1.2) 0.7 (−0.6, 2.0)
Huang (2015) Jilin 2006–2011 0.8 (−0.2, 1.8) 2.5 (0.5, 4.5)

Huang (2015) Harbin 2006–2011 9.9 (6.7, 13.2) 1.7 (0.7, 2.6)
Huang (2015) Suzhou 2006–2011 4.8 (2.9, 6.7) 2.8 (1.4, 4.2)
Huang (2015) Zhangjiagang 2006–2011 0.5 (−0.1, 1.8) 2.3 (1.2, 3.4)

Huang (2015) Jinhu 2006–2011 0.9 (−0.3, 2.1) 2.6 (0.9, 4.4)

Huang (2015) Xiangshui 2006–2011 0.5 (−2.2, 3.2) 3.0 (1.0, 5.0)

Huang (2015) Anji 2006–2011 0.9 (−0.3, 2.1) 4.0 (2.6, 5.5)

Huang (2015) Anqing 2006–2011 1.9 (0.0, 3.8) 2.1 (−0.2, 4.5)
Huang (2015) Jingxian 2006–2011 −0.4 (−2.1, 1.2) 3.1 (1.1, 5.1)

Huang (2015) Huian 2006–2011 3.1 (−0.5, 6.7) 4.4 (2.5, 6.3)

Huang (2015) Qiandao 2006–2011 0.8 (−0.0, 1.6) 1.5 (−1.0, 4.0)
Huang (2015) Yantai 2006–2011 1.5 (0.7, 2.3) 1.9 (0.1, 3.7)
Huang (2015) Penglai 2006–2011 1.8 (0.9, 2.7) 0.9 (−0.8, 2.7)

(continued)
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Table 2.1 (continued)

Study Location Period year Hot effects Cold effects
Huang (2015) Tanghe 2006–2011 1.5 (0.1, 2.9) 3.0 (0.8, 5.1)
Huang (2015) Gucheng 2006–2011 0.8 (−0.7, 2.3) 3.7 (1.7, 5.7)

Huang (2015) Liuyang 2006–2011 1.1 (0.3, 1.9) 4.2 (3.1, 5.2)
Huang (2015) Pingjiang 2006–2011 2.9 (0.3, 5.7) 1.7 (0.1, 3.4)
Huang (2015) Sihui 2006–2011 0.4 (−1.0, 1.7) 4.7 (2.9, 6.4)

Huang (2015) Wuhua 2006–2011 2.5 (1.2, 3.8) 4.2 (2.5, 5.9)
Huang (2015) Binyang 2006–2011 1.1 (−3.5, 5.8) 3.3 (2.0, 4.5)

Huang (2015) Hepu 2006–2011 2.6 (0.6, 4.7) 5.8 (4.0, 7.6)
Huang (2015) Pengzhou 2006–2011 1.1 (−0.1, 2.3) 3.1 (1.6, 4.6)

Huang (2015) Zizhong 2006–2011 2.4 (1.3, 3.5) 6.0 (4.1, 7.9)
Huang (2015) Xichong 2006–2011 1.4 (−0.1, 2.8) 5.3 (2.6, 8.1)

Huang (2015) Zunyi 2006–2011 1.1 (−0.1, 2.3) 3.8 (2.2, 5.4)

Huang (2015) Meitan 2006–2011 0.5 (−0.7, 1.8) 5.1 (2.6, 7.6)

Huang (2015) Yuxi 2006–2011 1.0 (−0.4, 2.3) 3.0 (0.6, 5.6)

Huang (2015) Guangnan 2006–2011 0.7 (−0.7, 2.0) 3.0 (1.5, 4.6)

Huang (2015) Lhasa 2006–2011 7.9 (−16.6, 39.6) 3.1 (−1.3, 7.7)
Huang (2015) Zhangye 2006–2011 0.0 (−1.9, 2.0) 0.8 (−0.4, 2.0)
Huang (2015) Xining 2006–2011 0.1 (−1.4, 1.6) 0.5 (−2.6, 3.7)
Huang (2015) Yinchuan 2006–2011 0.9 (−0.3, 2.2) 5.1 (3.3, 7.0)

Huang (2015) Zhongwei 2006–2011 0.3 (−0.7, 1.4) 0.6 (−1.0, 2.3)
Huang (2015) Urumqi 2006–2011 0.9 (−1.7, 3.7) 1.3 (−0.0, 2.7)
Huang (2015) Anyang 2006–2011 1.3 (1.0, 1.6) 2.9 (1.8, 4.7)
Huang (2015) Xiangyang 2006–2011 1.2 (1.0, 1.3) 1.6 (1.1, 2.2)
Huang (2015) Qiqihar 2006–2011 1.0 (0.8, 1.2) 1.1 (0.6, 2.2)
Huang (2015) Baoji 2006–2011 1.2 (0.9, 1.5) 1.8 (1.2, 2.7)
Huang (2015) Neijiang 2006–2011 1.3 (1.1, 1.5) 1.7 (1.4, 2.2)
Huang (2015) Wenshan 2006–2011 1.1 (1.0, 1.2) 1.8 (1.4, 2.3)
Huang (2015) Nanxiong 2006–2011 1.2 (1.1, 1.3) 2.3 (1.7, 3.0)
Huang (2015) Changzhi 2006–2011 1.2 (0.9, 1.5) 3.2 (2.0, 5.1)
Huang (2015) Quanzhou 2006–2011 1.2 (1.1, 1.3) 2.0 (1.5, 2.6)
Huang (2015) Ankang 2006–2011 1.0 (0.8, 1.2) 2.8 (1.7, 4.5)
Huang (2015) Huai’an 2006–2011 1.2 (1.0, 1.4) 1.8 (1.3, 2.5)
Huang (2015) Yueyang 2006–2011 1.1 (0.9, 1.3) 1.4 (1.0, 1.8)
Huang (2015) Chuzhou 2006–2011 1.1 (0.9, 1.3) 2.1 (1.5, 2.9)
Huang (2015) Jiamusi 2006–2011 1.3 (1.1, 1.4) 1.5 (1.2, 2.0)
Huang (2015) Huzhou 2006–2011 1.2 (1.0, 1.4) 2.3 (1.8, 3.1)

Different regions show heterogeneity on the 
short-term respiratory mortality effects of temper-
ature. For example, the estimated effect of a 1 °C 
increment on respiratory mortality was 13.4% 
(95% CI: 6.3%, 19.8%) in Fuzhou, while another 
study in Hong Kong found non- statistically sig-
nificant association (ER  =  1%, 95% CI: –4.1%, 

6.4%) [13, 15]. In addition, one study demon-
strated a large significant cold effect on respiratory 
mortality (ER = 9.3%, 95% CI: 1.7%, 17.4%) in 
Tianjin [10], while one study in Taiwan has not 
found statistically significant association between 
cold temperature and respiratory mortality 
(ER = 1.5%, 95% CI: –0.1%, 3.2%) [19].
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Table 2.2 Summary of studies on the cardiovascular mortality effects of ambient temperature

Study Location Period year Hot effects Cold effects
Chan (2010) Hong Kong 1998–2006 8.5 (1.4, 16.2) 4.4 (−4.1, 13.7)
Zeng (2012) Zhuhai 2006–2010 25.9 (10.4, 43.6) 10.3 (−6.5, 30.0)
Zeng (2012) Guangzhou 2006–2010 13.4 (4.7, 23) 22.6 (10.2, 36.4)
Zeng (2012) Kunming 2006–2009 −0.8 (−4.5, 3.0) 14.3 (3.8, 25.8)

Pei (2011) Fuzhou 2004–2007 12.8 (6.3, 19.8) 12.8 (6.3, 19.8)
Guo (2011) Tianjin 2005–2007 2.8 (1.0, 4.7) 4.1 (1.1, 7.1)
Zhang (2014) Shanghai 2001–2008 2.0 (1.5, 2.6) 20.8 (2.3, 3.2)
Ma (2016) Nanjing 2008–2010 1.2 (1.0, 1.5) 5.1 (1.6, 16.4)
Ma (2016) Chengdu 2008–2010 1.1 (1.0, 1.2) 3.5 (10.0, 12.8)
Zhang (2016) Wuhan 2003–2010 21.6 (15.1, 28.4) 3.7 (2.6, 4.7)
Lin (2015) Taiwan 2000–2008 1.2 (0. 7, 2.1) 1.4 (1.1, 1.7)
Yang (2015) Chaohu 2008–2011 2.92 (−2.19, 8.3) 1.1 (0.4, 1.7)

Yang (2015) Maanshan 2008–2011 4.9 (−0.1, 10.1) 2.2 (1.6, 2.8)

Yang (2015) Tianchang 2008–2011 2.1 (−2.6, 6.9) 0.9 (−0.1, 1.9)
Huang (2017) Hefei 2008–2011 4.5 (1.2, 7.9) 4.1 (1.9, 6.2)
Huang (2017) Changsha 2008–2011 4.4 (1.4, 7.5) 4.9 (2.9, 6.9)
Huang (2017) Nanning 2008–2011 9.8 (−1.7, 18.7) 2.8 (0.7, 5.1)

Huang (2017) Haikou 2008–2011 4.2 (−13.9, 17.8) 5.8 (1.2, 10.7)

Li (2016) Chongqing 2010–2013 5.0 (3.0, 7.0) 9.0 (6.0, 12.0)
Huang (2015) Beijing 2006–2011 1.9 (0.6, 3.1) 5.1 (1.1, 9.3)
Huang (2015) Xuanhua 2006–2011 1.6 (−0.1, 3.3) 3.7 (−0.1, 7.6)
Huang (2015) Hohhot 2006–2011 1.8 (0.3, 3.2) 13.4 (7.9, 19.1)
Huang (2015) Bayannur 2006–2011 −0.4 (−1.5, 0.8) 9.4 (5.8, 13.2)

Huang (2015) Dalian 2006–2011 5.3 (2.1, 8.5) 3.9 (1.8, 5.9)
Huang (2015) Fengcheng 2006–2011 0.4 (−0.8, 1.5) 3.9 (1.2, 6.7)

Huang (2015) Fuxin 2006–2011 0.4 (−0.5, 1.2) 2.0 (0.3, 3.7)

Huang (2015) Changchun 2006–2011 0.6 (−0.1, 1.3) 0.9 (−0.8, 2.7)
Huang (2015) Jilin 2006–2011 3.9 (−0.5, 8.5) 1.8 (−0.5, 4.2)
Huang (2015) Harbin 2006–2011 1.3 (0.7, 1.9) 0.6 (−0.6, 1.8)
Huang (2015) Yian 2006–2011 −0.1 (−1.0, 0.8) 24.6 (6.3, 46.1)

Huang (2015) Zhangjiagang 2006–2011 1.6 (0.4, 2.8) 2.7 (0.8, 4.7)
Huang (2015) Jinhu 2006–2011 0.7 (−2.5, 3.9) 4.3 (1.5, 7.1)

Huang (2015) Hangzhou 2006–2011 1.3 (−1.2, 3.8) 2.8 (−0.1, 5.9)
Huang (2015) Anji 2006–2011 1.1 (−3.5, 5.9) 6.2 (3.7, 8.7)

Huang (2015) Huian 2006–2011 0.5 (−6.1, 7.6) 4.4 (1.5, 7.4)

Huang (2015) Nanchang 2006–2011 1.4 (−0.1, 2.9) 4.2 (0.2, 8.4)

Huang (2015) Wuning 2006–2011 −1.0 (−7.8, 6.2) 7.7 (4.7, 10.7)

Huang (2015) Qiandao 2006–2011 2.1 (0.4, 3.9) 3.1 (0.4, 5.8)
Huang (2015) Penglai 2006–2011 1.6 (0.3, 2.8) 2.3 (−0.1, 4.7)
Huang (2015) Tanghe 2006–2011 1.5 (0.3, 2.7) 3.7 (1.3, 6.1)
Huang (2015) Xinyang 2006–2011 1.1 (−0.1, 2.4) 3.8 (1.6, 6.0)

Huang (2015) Liuyang 2006–2011 1.8 (−1.0, 4.6) 4.9 (3.6, 6.2)

Huang (2015) Pingjiang 2006–2011 4.4 (1.3, 7.7) 2.0 (−0.0, 4.1)
Huang (2015) Wuhua 2006–2011 1.3 (−0.1, 2.7) 3.9 (1.9, 6.0)

Huang (2015) Binyang 2006–2011 2.6 (−2.7, 8.1) 4.4 (2.7, 6.1)

Huang (2015) Hepu 2006–2011 2.2 (−0.6, 5.2) 5.2 (2.8, 7.6)

Huang (2015) Zizhong 2006–2011 1.3 (0.2, 2.4) 5.0 (2.6, 7.4)

(continued)
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2.4  Discussion

In recent years there has been a great increase in 
interest in time-series studies of temperature and 
mortality. Increasing evidence showed statisti-
cally significant associations between tempera-
ture and mortality. While less attention has been 
paid to the effects of temperature in China, most 
of studies have focused on the effects of tempera-
tures in a single city or only a few cities. In this 
meta-analysis, we identified 18 studies on the 
short-term associations between temperature and 
mortality among Chinese population. We aim to 
identify and quantify the association between 
temperatures and mortality among Chinese popu-
lation through a systematic review and 
meta-analysis.

To our knowledge, this is the first meta- 
analysis to quantitatively assess the estimates of 

ambient temperature effects on mortality among 
Chinese population. In this analysis, we com-
bined 84, 72, and 60 individual effect estimates 
on the all-cause mortality, cardiovascular disease, 
and respiratory disease. The results reveal a sta-
tistically significant increase of mortalities asso-
ciated with a 1  °C increase (or decrease) in 
ambient temperature.

Our estimates indicated that both hot and cold 
temperature exposures have adverse effects on 
mortalities. The pooled results show that a 1 °C 
increase on hot days was related to a 1.2% (95% 
CI: 1.1%, 1.3%) increase in all-cause mortality, a 
1.2% (95% CI: 1.0%, 1.3%) increase in cardio-
vascular mortality, and a 1.5% (95% CI: 1.2%, 
1.9%) increase in respiratory mortality, respec-
tively. And a 1 °C decrease was associated with a 
2.6% increase (95% CI: 2.4%, 2.9%) in all-cause 
mortality, 3.1% (95% CI: 2.7%, 3.5%) increase 

Table 2.2 (continued)

Study Location Period year Hot effects Cold effects
Huang (2015) Xichong 2006–2011 0.2 (−1.3, 1.6) 5.2 (1.6, 8.9)

Huang (2015) Zunyi 2006–2011 1.0 (−0.4, 2.4) 4.1 (1.7, 6.5)

Huang (2015) Meitan 2006–2011 0.3 (−1.1, 1.7) 1.7 (−0.7, 4.2)
Huang (2015) Guangnan 2006–2011 −0.6 (−1.7, 0.6) 3.5 (1.1, 5.9)

Huang (2015) Lhasa 2006–2011 −1.5 (−38.2, 56.9) 6.7 (−0.2, 14.1)
Huang (2015) Tongchuan 2006–2011 1.5 (−0.2, 3.3) 4.1 (0.7, 7.5)

Huang (2015) Zhangye 2006–2011 0.3 (−2.2, 3.3) 0.4 (−1.4, 2.2)
Huang (2015) Xining 2006–2011 3.2 (−4.0, 10.9) 2.1 (−5.4, 10.3)
Huang (2015) Zhongwei 2006–2011 −0.0 (−1.2, 1.1) 0.8 (−1.4, 3.1)
Huang (2015) Urumqi 2006–2011 0.5 (−0.5, 1.6) 0.3 (−1.8, 2.3)
Huang (2015) Anyang 2006–2011 1.1 (1.0, 1.6) 3.1 (1.8, 5.3)
Huang (2015) Xiangyang 2006–2011 1.1 (0.9, 1.4) 1.6 (1.0, 2.4)
Huang (2015) Qiqihar 2006–2011 0.9 (0.7, 1.2) 0.7 (0.3, 1.5)
Huang (2015) Baoji 2006–2011 1.4 (1.0, 1.8) 1.4 (0.8, 2.4)
Huang (2015) Neijiang 2006–2011 1.3 (1.1, 1.5) 1.6 (1.2, 2.2)
Huang (2015) Wenshan 2006–2011 1.0 (0.9, 1.2) 1.8 (1.2, 2.7)
Huang (2015) Nanxiong 2006–2011 1.2 (1.0, 1.4) 2.6 (1.6, 4.0)
Huang (2015) Changzhi 2006–2011 1.2 (0.9, 1.6) 3.3 (1.8, 6.0)
Huang (2015) Quanzhou 2006–2011 1.1 (0.9, 1.3) 2.1 (1.3, 3.4)
Huang (2015) Ankang 2006–2011 0.9 (0.6, 1.3) 3.7 (1.9, 7.2)
Huang (2015) Huai’an 2006–2011 1.2 (1.0, 1.5) 2.4 (1.4, 3.9)
Huang (2015) Yueyang 2006–2011 1.1 (0.9, 1.3) 1.4 (1.0, 2.0)
Huang (2015) Chuzhou 2006–2011 1.1 (0.9, 1.4) 2.4 (1.5, 3.7)
Huang (2015) Jiamusi 2006–2011 1.3 (1.0, 1.6) 1.5 (1.0, 2.4)
Huang (2015) Huzhou 2006–2011 1.1 (0.9, 1.5) 3.3 (2.1, 5.2)
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Table 2.3 Summary of studies on the respiratory mortality effects of ambient temperature

Study Location Period year Hot effects Cold effects
Chan (2010) Hong Kong 1998–2006 1.0 (−4.1, 6.4) 0.0 (−3.6, 4.1)
Pei (2011) Fuzhou 2004–2007 13.4 (6.3, 19.8) 13.4 (6.3, 19.8)
Guo (2011) Tianjin 2005–2007 3.4 (−0.8, 7.7) 9.3 (1.7, 17.4)

Wang (2009) Shenyang 1992–2000 0.2 (0.0, 0.3) 0.5 (0.4, 0.5)
Zhang (2014) Shanghai 2001–2008 2.0 (1.0, 3.0) 2.0 (1.0, 3.0)
Ma (2016) Nanjing 2008–2010 1.3 (1.1, 2.1) 0.1 (0.0, 0.7)
Ma (2016) Chengdu 2008–2010 1.0 (0.8, 1.1) 5.3 (1.3, 21.4)
Zhang (2016) Wuhan 2003–2010 19.4 (6.0, 34.5) 3.9 (1.6, 6.2)
Chung (2009) Taiwan 1994–2007 1.5 (−0.1, 3.2) 1.5 (−0.1, 3.2)
Li (2016) Chongqing 2010–2013 2.0 (−1.0, 5.0) 6.0 (2.0, 11.0)

Huang (2015) Beijing 2006–2011 1.5 (−0.5, 3.6) 1.9 (−2.3, 6.2)
Huang (2015) Qianxi 2006–2011 0.6 (−4.2, 5.7) 7.4 (0.3, 15.0)

Huang (2015) Xuanhua 2006–2011 0.0 (−1.8, 1.9) 0.8 (−3.5, 5.4)
Huang (2015) Huguan 2006–2011 1.8 (−1.2, 4.8) 11.7 (6.0, 17.7)

Huang (2015) Bayannur 2006–2011 1.4 (−5.9, 9.2) 3.9 (0.3, 7.7)

Huang (2015) Fengcheng 2006–2011 2.9 (0.1, 5.7) 13.3 (0.2, 28.1)
Huang (2015) Fuxin 2006–2011 2.1 (−0.4, 4.6) 5.6 (1.0, 10.3)

Huang (2015) Changchun 2006–2011 1.6 (−0.1, 3.3) 0.7 (−13.4, 17.0)
Huang (2015) Jilin 2006–2011 7.1 (−5.4, 21.2) 0.8 (−5.9, 7.9)
Huang (2015) Harbin 2006–2011 0.7 (−0.3, 1.8) 2.7 (−2.0, 7.6)
Huang (2015) Jinhu 2006–2011 2.7 (−3.0, 8.9) 5.1 (−0.0, 10.5)
Huang (2015) Xiangshui 2006–2011 0.0 (−6.6, 7.1) 1.6 (−3.0, 6.5)
Huang (2015) Tongxiang 2006–2011 2.3 (0.4, 4.3) 5.0 (2.4, 7.7)
Huang (2015) Huian 2006–2011 1.6 (−1.1, 4.5) 9.9 (3.8, 16.4)

Huang (2015) Wuning 2006–2011 4.2 (−4.8, 14.0) 2.8 (−1.8, 7.6)
Huang (2015) Yantai 2006–2011 4.2 (1.2, 7.2) 6.5 (−0.9, 14.4)
Huang (2015) Tanghe 2006–2011 1.2 (−0.9, 3.3) 3.9 (0.2, 7.7)

Huang (2015) Xinyang 2006–2011 3.1 (0.1, 6.2) 8.7 (4.9, 12.8)
Huang (2015) Gucheng 2006–2011 1.5 (−1.1, 4.2) 8.2 (3.8, 12.7)

Huang (2015) Liuyang 2006–2011 1.4 (0.2, 2.7) 5.1 (3.2, 7.1)
Huang (2015) Pingjiang 2006–2011 1.3 (−0.3, 3.0) 2.9 (0.4, 5.5)

Huang (2015) Sihui 2006–2011 7.3 (−0.8, 16.1) 6.7 (3.9, 9.6)

Huang (2015) Wuhua 2006–2011 3.2 (1.4, 5.0) 3.6 (0.9, 6.4)
Huang (2015) Hepu 2006–2011 2.6 (−0.4, 5.7) 5.6 (2.6, 8.7)

Huang (2015) Pengzhou 2006–2011 0.0 (−1.2, 1.3) 2.0 (−0.5, 4.7)
Huang (2015) Zizhong 2006–2011 1.4 (0.0, 2.9) 7.0 (3.6, 10.6)
Huang (2015) Xichong 2006–2011 2.1 (0.2, 4.0) 8.5 (3.8, 13.3)
Huang (2015) Zunyi 2006–2011 2.4 (0.5, 4.2) 5.7 (2.6, 9.0)
Huang (2015) Meitan 2006–2011 4.1 (−3.3, 12.1) 4.2 (1.0, 7.4)

Huang (2015) Guangnan 2006–2011 0.6 (−0.9, 2.2) 3.6 (1.3, 6.0)

Huang (2015) Meixian 2006–2011 1.2 (−1.7, 4.2) 5.2 (0.2, 10.5)

Huang (2015) Hanyin 2006–2011 5.3 (−3.2, 14.6) 6.7 (0.5, 13.2)

Huang (2015) Zhangye 2006–2011 3.4 (−0.5, 7.6) 2.6 (0.6, 4.6)

Huang (2015) Yinchuan 2006–2011 1.4 (−7.7, 11.4) 1.9 (−1.7, 5.6)
Huang (2015) Urumqi 2006–2011 1.3 (1.0, 1.6) 3.9 (−0.6, 8.6)
Huang (2015) Anyang 2006–2011 1.3 (0.9, 1.8) 3.1 (1.6, 6.1)
Huang (2015) Xiangyang 2006–2011 1.4 (0.9, 1.9) 2.8 (1.4, 5.7)

(continued)
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in cardiovascular mortality, and 3.3% (95% CI: 
2.8%, 3.9%) increase in respiratory mortality, 
respectively. The results show a statistically sig-
nificant increase of mortalities associated with a 
1 °C increase or a 1 °C decrease in ambient tem-
perature among Chinese population.

We found that hot effects and cold effects 
were different, in which heat temperatures have a 
smaller effect on mortality than cold tempera-
tures. Furthermore, the hot effects of all-cause 
mortality, cardiovascular disease, and respiratory 
disease were the same, while the cold effects 
show differences, with the largest cold effects on 
respiratory disease.

The pooled estimates from this meta-analysis 
are consistent with same previous studies. For 
example, a meta-analysis published in 2013 sum-
marized that cold effects were relatively larger 
than hot effects, which reported an ER of all- 
cause mortality increased by 2.0% (95% CI: 
1.0%, 3.0%) for the heat exposure and 4.0% 
(95% CI: 2.0%, 7.0%) for the cold exposure [20]. 
And another systematic review and meta-analysis 
were conducted; the risk of cardiovascular mor-
tality increased by 5.5% (95% CI: 5.0%, 6.0%) 
for the cold exposure and 1.3% (95% CI: 1.1%, 
1.5%) for the heat exposure [21]. Conversely, few 
studies observed larger hot effect than cold effect. 
For example, Zhang’s study in Wuhan observed 
larger hot effect on mortalities than cold effect 
(all-cause mortality, 25.2% vs. 1.7%; cardiovas-
cular mortality, 34.1% vs. 3.0%; respiratory mor-
tality, 24.3% vs. 1.1%) [22].

The results of our meta-analysis reveal rela-
tively stronger association between cold expo-
sure and respiratory mortality. Series of studies 
also reported the same results, for example, a 
study in Dublin observed larger effects on 
respiratory mortality than all-cause mortality 
and cardiovascular mortality [23]. The underly-
ing mechanism was still unclear and may be 
due to a synergy between temperature and air 
pollution on the respiratory system but not on 
the cardiovascular system. This result suggests 
that we should strengthen the protection and 
prevention among people suffering from 
chronic cardiovascular or respiratory diseases 
in China.

We conducted a number of sensitivity analy-
ses to examine the robustness of the effect esti-
mation; the results were shown in Table  2.4. 
When excluding single study with the largest or 
smallest effect, we observed generally consistent 
associations between short-term exposure to heat 
(or cold) temperature and mortalities. For exam-
ple, when excluding the largest hot effect of all- 
cause mortality, the estimate still stables 
(ER  =  1.2%, 95% CI: 1.1%, 1.3%). We also 
obtained robust effects when we alternatively 
used fixed-effect meta-analysis.

All outcomes showed substantial (I2 = 67.31–
94.17%) and statistically significant heterogene-
ity in the point estimates for temperature among 
included studies. The results of Egger’s tests 
revealed that there was significant publication 
bias in the meta-analyses (Table 2.5).

Table 2.3 (continued)

Study Location Period year Hot effects Cold effects
Huang (2015) Qiqihar 2006–2011 1.1 (0.6, 2.0) 0.9 (0.2, 5.8)
Huang (2015) Baoji 2006–2011 1.1 (0.6, 2.1) 3.0 (1.1, 7.7)
Huang (2015) Neijiang 2006–2011 1.3 (1.0, 1.6) 1.7 (1.1, 2.6)
Huang (2015) Wenshan 2006–2011 1.1 (1.0, 1.3) 2.0 (1.4, 2.9)
Huang (2015) Nanxiong 2006–2011 1.3 (1.0, 1.6) 3.3 (2.0, 5.4)
Huang (2015) Changzhi 2006–2011 1.5 (0.9, 2.7) 8.9 (3.1, 25.6)
Huang (2015) Quanzhou 2006–2011 1.4 (1.0, 1.8) 3.3 (1.5, 7.5)
Huang (2015) Ankang 2006–2011 1.2 (0.7, 2.2) 3.6 (1.3, 9.6)
Huang (2015) Huai’an 2006–2011 1.4 (0.9, 2.2) 2.2 (0.8, 5.9)
Huang (2015) Yueyang 2006–2011 1.3 (1.0, 1.6) 1.9 (1.2, 3.0)
Huang (2015) Chuzhou 2006–2011 1.2 (0.7, 1.9) 1.7 (0.7, 4.0)
Huang (2015) Jiamusi 2006–2011 1.4 (1.1, 2.0) 2.7 (1.5, 4.8)
Huang (2015) Huzhou 2006–2011 1.2 (0.8, 1.8) 1.9 (1.0, 3.6)
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Previous epidemiologic evidence showed that 
climatological, socioeconomic, demographic, 
community-level, and individual factors have a 
role in modification of the association between 
temperature and mortality [24, 25].

A great number of studies demonstrated that 
age group might modify the relationship 
between temperature and mortality. One study 
in China reported larger mortality effect of tem-
perature in older age group than younger age 
group [24]. This evidence has also been observed 
in several previous studies [26–28]. For exam-
ple, Ma’s study in Shanghai reported increasing 
trend in risk with age in temperature, which 
clarifies the elderly to be the most vulnerable to 
the short- term exposure of temperature. The 
underlying reasons might be that pre-existing 
disorders and difficulty in thermoregulation 
come with age [29, 30].

Gender was usually considered a potential 
effect modifier. One study in China found higher 
risk of dying among females than males [24]. 
Another study in Australia reported effect esti-
mate among females was even more than 20 
times that among males [28]; and one study in 
Suzhou also support this view [31]. One previous 

experimental study reported that one possible 
mechanism might be that female were more heat 
intolerant than male possibly due to sex-specific 
differences in thermoregulatory and physiologi-
cal mechanisms [32].

A series of evidence demonstrated that com-
munity-level factors could modify the relation-
ship between temperature and mortality [14, 25, 
33], such as population density, green coverage, 
economic situation, educational level and adap-
tive capacity. For example, Huang’s study 
observed higher mortality risk in areas with a 
lower educational level, which is consistent 
with previous studies [34, 35]. One possible rea-
son might be that higher educated people tend to 
pay more attention to their health.

One interesting finding was that 1-degree 
change for latitude could influence the relation-
ship between ambient temperature and mortal-
ity. A great number of studies observed that 
higher- latitude countries demonstrated higher 
effects of heat temperature on the risk of mortal-
ity, while it showed lower effects of cold tem-
perature on the risk of mortality [36, 37]. The 
underlying reason might be that residents in 
high-latitude regions usually live in colder envi-

Table 2.4 Sensitivity analyses for the pooled estimates of temperature (per 1  °C increment or decrement) on 
mortalities

Models
Hot effects Cold effects
All-cause Cardiovascular Respiratory All-cause Cardiovascular Respiratory

Model A 1.2 (1.1, 1.3) 1.2 (1.0, 1.3) 1.5 (1.2, 1.9) 2.6 (2.4, 2.9) 3.1 (2.7, 3.5) 3.3 (2.8, 3.9)
Model B 1.2 (1.1, 1.3) 1.2 (1.0, 1.3) 1.5 (1.2, 1.9) 2.6 (2.3, 2.9) 3.1 (2.7, 3.5) 3.3 (2.7, 3.8)
Model C 1.2 (1.1, 1.3) 1.2 (1.0, 1.3) 1.6 (1.3, 1.9) 2.7 (2.4, 3.0) 3.1 (2.7, 3.5) 3.4 (2.8, 3.9)
Model D 1.1 (1.0, 1.1) 1.1 (1.1, 1.2) 1.2 (1.1, 1.2) 1.6 (1.5, 1.6) 2.1 (1.9, 2.2) 2.6 (1.8, 3.3)

A: all studies were included; B: the study with the largest effect size was excluded; C: the study with the smallest effect 
size was excluded; and D: fixed-effect meta-analysis

Table 2.5 Heterogeneity and publication bias of included studies

Hot effects Cold effects
All-cause Cardiovascular Respiratory All-cause Cardiovascular Respiratory

Number of cities 84 72 60 84 72 60
Heterogeneity
I2 86.31% 67.31% 78.71% 94.17% 83.69% 87.56%
p-value 0.00 0.00 0.00 0.00 0.00 0.00
Publication bias
Egger’s regression test, 
p-value

0.00 0.00 0.00 0.00 0.00 0.00
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ronment for longer time compared with those in 
low-latitude regions, so they are better adapted 
to low temperatures, and are more vulnerable to 
high temperatures.

2.5  Conclusion

Climate change could lead to serious public health 
problems in China. This chapter quantitatively 
estimated the effects of ambient  temperature expo-
sures on mortalities among Chinese population; 
the pooled estimates were found to be statistically 
significant for both heat and cold exposures and 
mortality categories. For both hot and cold effects, 
this study provided evidences to support the asso-
ciations between heat and cold exposures and the 
risk of mortality from all- cause, cardiovascular, 
and respiratory mortality. In addition, we found 
the cold effects were larger than hot effects among 
Chinese population. We also found the pooled 
cold effect on respiratory mortality was obviously 
greater than all-cause and cardiovascular mortal-
ity. This meta-analysis suggests that more atten-
tion should be paid to the health effects caused by 
cold weather, especially for people suffering from 
cardiovascular and respiratory diseases in China.
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Abstract
The ongoing climate change is likely to 
change the intensity, frequency, and duration 
of extreme weather events, which cause prom-
inent health and economic burden worldwide. 
This chapter summarizes the impact of heat 
wave/cold spell on mortality and morbidity 
among Chinese population. Large amount of 
studies have demonstrated that heat waves and 
cold spells are significantly associated with 
elevated death risk in China. The association 
can be modified by individual characteristics, 
such as gender, age, socioeconomic status, 
underlying diseases and places of death. 
However, the number of studies on morbidity 
was much fewer, particularly for those from 
multicities. Health-oriented early warning 
system on extreme temperature event needs to 
be applied at both national and provincial 
scale to protect public health. Furthermore, 
the projection on the health impact of future 
heat wave and cold spell in the context of cli-
mate change is also warranted.

Keywords
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3.1  Introduction

According to the fifth assessment report of 
IPCC, the global temperature has been increas-
ing at a faster rate of about 0.17 °C per decade 
since 1970, which is more than twice as fast as 
the 0.07  °C rise per decade during 1880–2015 
[1]. The ongoing climate change could lead to 
changes in severity, frequency, duration, and 
timing of extreme temperature events, which 
may cause mounting numbers of economic and 
health loss around the world. An astonishing 
number of excess deaths and hospitalizations 
occurred during several devastating heat waves 
and cold spells in last decades. For example, the 
2003 heat wave in Europe is estimated to have 
caused nearly 15,000 deaths from August 1 to 
August 20  in France alone [2], and the 2006 
heat wave in California led to 16,166 additional 
emergency department visits and 1182 excess 
hospitalizations [3]. For the cold spell, the 1987 
Czech Republic cold spell resulted in 274 car-
diovascular excess deaths [4], and the 2006 
Moscow cold spell caused over 370 excess 
deaths [5].

In China, the frequency of extreme tempera-
ture event has changed significantly over the past 
60 years, with generally increasing trend for heat 
wave but opposite trend for cold spell [6]. In 
total, the frequency of cold spell has declined 
remarkably by 0.2 times per decade. In contrast, 
China has experienced an increasing number of 
heat waves. Distributions of cold spell and heat 
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wave show significant spatial heterogeneity 
across China. The frequency of cold spell gener-
ally decrease from the northern regions to the 
southern, while increasing trend of heat wave can 
be observed in most parts of China except for 
Jianghan area and western Huanghuai area [7]. 
Notably, the 2008 cold spell and 2013 heat wave 
were the most serious temperature events during 
the past decades in majority of China. In January 
and February 2008, the subtropical southern 
Chinese regions went through a severe continu-
ous cold spell with long duration, abnormal lower 
temperature, and thick snow deposition [8]. 
During this cold spell, the average temperature 
was 2–4  °C lower than that during the same 
period in neighboring years. This cold spell 
caused direct economic loss of over 22.3 billion 
US dollars and 129 human lives, and 1.5 million 
people were displaced [9]. For the heat wave in 
the midsummer of 2013, it was the strongest heat 
wave occurred since 1951  in most southeastern 
regions, including Jianghuai, Jianghan, and 
Chongqing. The highest temperature observed at 
Xinchang, Zhejiang, was 44.1 °C on 11 August. 
A study in Nanjing detected that a total economic 
loss of 4.27  billion US dollars and 656 excess 
deaths were caused by the heat wave [10]. 
However, the national assessment of the eco-
nomic and health losses due to the 2013 heat 
wave was unavailable.

To provide basic evidence for health-oriented 
early warning system and tailor the preventive 
action to protect public health, it is of great 
importance to quantify the adverse impact of 
heat wave and cold spell on human health and 
identify the relevant vulnerable subpopulations. 
In China, there has been an increasing interest 
for scientists and researchers in evaluating the 
health risk of extreme temperature events since 
the last decade [7, 11–25], which can provide 
evidence to draw a whole picture of the health 
burden relating to these adverse events in China. 
In this summary, we will perform a systematic 
review and meta-analysis to understand the 
impact of heat wave and cold spell on mortality 
and morbidity in China.

3.2  Literature Search and Data 
Extraction

We searched the English-language databases 
of PubMed, Scopus, and Web of Science and 
Chinese-language databases of the China 
National Knowledge Infrastructure and Wanfang 
Data for the epidemiological investigations on 
the effects of heat wave and cold spell on mor-
tality and morbidity in China, separately. The 
combinations of the searching keywords were 
as follows: (1) cold spell (“extreme tempera-
ture” or “cold temperature” or “climate change” 
or “coldspell” or “cold spell” or “coldwave” or 
“cold wave” or “coldsurge” or “cold surge”), heat 
wave (“extreme temperature” or “high tempera-
ture” or “hot temperature” or “climate change” or 
“heat wave” or “heatwave”), (2) “human health” 
or “morbidity” or “mortality” or “emergency 
visit” or “hospitalization”, and (3) “China” or 
“Chinese” or “Hong Kong” or “Taiwan”. We lim-
ited the literature search to original studies pub-
lished between 1 January 1980 and 31 December 
2017.

Studies that met the following five eligibility 
criteria were included: the study (1) provided evi-
dence on the association between cold spell and/
or heat wave and human mortality or morbidity; 
(2) was an original study; (3) had an adequate 
definition of cold spell and heat wave as specified 
below; (4) used the health outcomes of mortality 
or morbidity, to be included in the meta-analysis; 
and (5) also had to provide quantitative evidence 
on the relationship between cold spell and/or heat 
wave and mortality of morbidity using risk ratio 
measure, such as relative risk (RR) and odds ratio 
(OR). Our criteria for the adequate definition of 
cold spell and heat wave were composed of two 
components: (1) the intensity of temperature, 
expressed as a relative or absolute measure, and 
(2) the minimal duration of 2 consecutive days or 
large temperature change within one or several 
days. Furthermore, if there were more than one 
investigation focusing on the same topic in the 
same city, only the one with higher data quality 
would be included into the meta-analysis.

J. Yang et al.
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The step-by-step process of literature search is 
provided in Figs.  3.1 and 3.2. In total, 4265 
papers on heat wave and 3960 papers on cold 
spell were identified in the initial search. After 
reviewing the full texts, 25 papers on heat wave 
and 16 on cold spell were included into the meta- 
analysis. The majority of these studies were con-

ducted in some metropolitan cities, such as 
Beijing, Shanghai, Guangzhou, Jinan, Nanjing, 
and Wuhan. Among these included studies, 13 
focused on the association between heat wave 
and mortality (Table 3.1), 11 on the association 
between cold spell and mortality (Table 3.2), 12 
on the association between heat wave and mor-

Scopus
(n=565)

Web of science
(n=1241)

CNKI
(n=600)

Ovid Medline
(n=390)

Total (n=4265)

Review of Full text
(n=305)

Included in this review
(n=25)

Duplicates
(n=670)

Irrelevant based on
title or abstract

(n=3290)

Excluded due to
selection criteria

(n=280)

Pubmed
(n=537)

Wangfang
(n=932)

Fig. 3.1 Flow diagram 
of study selection on 
heat wave and health in 
China

Scopus
(n=924)

Web of science
(n=852)

CNKI
(n=174)

Ovid Medline
(n=917)

Total (n=3960)

Review of Full text
(n=219)

Included in this review
(n=16)

Duplicates
(n=618)

Irrelevant based on
title or abstract

(n=3123)

Excluded due to
selection criteria

(n=203)

Pubmed
(n=429)

Wangfang
(n=664)

Fig. 3.2 Flow diagram 
of study selection on 
cold spell and health in 
China
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Table 3.1 The summary of included studies on heat wave and mortality in China

Source Location Time period
Definition of heat 
wave

Main outcomes and 
stratification Main findings

Luan, 
et al. 
[26]

Beijing 2009–2010 At least 3 
consecutive days 
with daily 
maximum 
temperature over 
35 °C

Non-accidental, 
CVD, IHD, stroke, 
RD, and COPD; male 
and female; those 
aged 0–64, 65–84, 
and 85+ years

Deaths from cardiorespiratory 
diseases were at greater risk 
to heat wave, particularly for 
the IHD and COPD. Females 
and the elderly were more 
vulnerable to heat wave

Zhang 
et al. 
[27]

Wuhan, 
Hubei 
province

2003–2010 45 heat wave 
definitions, with 
temperature 
thresholds 
(90.0th, 92.5th, 
95th, 97.5th, and 
99.0th percentile 
of daily mean/
maximum/
minimum 
temperature) and 
durations of ≥2, 
≥3, and ≥4 days 
in 
May–September

Non-accidental death; 
male and female; 
those aged <65 and 
≥65 years

There was a significant 
increase in mortality during 
heat wave in Wuhan, China, 
while effects of heat waves on 
mortality varied greatly by 
different heat wave 
definitions. Heat wave defined 
as at least 3 consecutive days 
with daily mean temperature 
had the best predictive ability. 
Females and the elderly were 
more vulnerable to stronger 
and longer heat wave

Gao 
et al. 
[17]

Beijing, 
Tianjin, 
Nanjing, 
Shanghai, 
and 
Changsha

2006–2011 Beijing and 
Tianjin as being 2 
or more 
consecutive days 
with the daily 
mean 
temperatures 
exceeded 30.2 °C 
and 29.5 °C, 
respectively; 
Nanjing, 
Shanghai, and 
Changsha as ≥3 
consecutive days 
with daily mean 
temperatures 
above 32.9 °C, 
32.3 °C, and 
34.5 °C

Non-accidental death Non-accidental mortality 
rates were generally higher 
during the identified heat 
wave than the corresponding 
control periods in all cities 
except Shanghai

Yang 
et al. 
[25]

Guangzhou, 
Guangdong 
province

2003–2006 At least 7 
consecutive heat 
days and daily 
mean temperature 
above the 95th 
percentile

Non-accidental death, 
CVD, and RD; male 
and female; those 
aged 0–64, 65–74, 
and 75+ years; the 
illiterate, primary 
school and secondary 
or higher; the 
white-collar worker, 
blue-collar worker, 
and the unemployed

The 2005 heat wave had a 
substantial influence on 
mortality among the residents 
in Guangzhou. Those with 
CVD and RD, females, the 
elderly and those with lower 
socioeconomic status were at 
significantly greater heat 
wave risk

J. Yang et al.
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Table 3.1 (continued)

Source Location Time period
Definition of heat 
wave

Main outcomes and 
stratification Main findings

Lan 
et al. 
[28]

Harbin, 
Heilongjiang 
province

2010 At least 3 
consecutive days 
with daily 
maximum 
temperature over 
98th percentile

Non-accidental death; 
male and female; 
those aged <64 years, 
65–74 years, and 
≥75 years; the place 
of death (hospital 
room, way to 
hospital, emergency 
room and home)

The 2010 heat wave was a 
strong risk factor for mortality 
in Harbin. Females, those 
aged between 0 and 64 years 
old, and those deaths out of 
hospital were at higher heat 
wave risk

Chen 
et al. 
[12]

Nanjing, 
Jiangsu 
prosvince

2007–2013 46 heat wave 
definitions

Non-accidental, 
CVD, stroke, IHD, 
RD, COPD; male and 
female; those aged 
0–64, 65–74, and 75+ 
years

Different heat wave 
definitions had considerable 
impacts on the added effects 
of heat waves. Heat wave 
defined as at least 4 
consecutive days with daily 
mean temperature over 98th 
percentile had the best model 
fit. Deaths from stroke, IHD, 
and COPD were at higher 
heat wave risk. Added effects 
were higher for females, the 
elderly, and people with lower 
education

Ma 
et al. 
[22]

66 Chinese 
communities

2006–2011 At least 2 
consecutive days 
with daily mean 
temperature 
≥95th percentile 
of the year-round 
community-
specific 
distribution

Non-accidental death, 
CVD, CBD, and RD; 
male and female; 
those aged 0–64, 
65–74, and 75+ 
years; places of death 
(at hospital, outside 
hospital); education 
attainment (<6 years, 
6–9 years, and 
>9 years)

There was a significant 
increase in mortality rate 
during heat waves in 66 
Chinese communities with 
notably spatial heterogeneity. 
Greater effects heat wave 
were found among CVD, 
CBD, RD, the elderly, 
females, people dying outside 
of hospital, and those with 
higher education attainment. 
Heat wave risk was also more 
markedly for those living in 
urban cities or densely 
populated communities

Huang 
et al. 
[29]

Shanghai Summer of 
2003

At least 3 
consecutive days 
with daily 
maximum 
temperature over 
35 °C

Non-accidental 
mortality, CVD, 
stroke, CHD, RD, 
COPD, and ARI; 
male and female; 
those aged 0–4 years, 
5–44 years, 
45–64 years, and 65+ 
years

The 2003 heat wave had a 
substantial effect on mortality 
in Shanghai. The effect of 
heat wave on total mortality 
in males was slightly higher 
than in females, but the 
difference was not statistically 
significant. The elderly (over 
65 years) were most 
vulnerable to the heat wave

(continued)
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Table 3.1 (continued)

Source Location Time period
Definition of heat 
wave

Main outcomes and 
stratification Main findings

Han 
et al. 
[19]

Jinan, 
Shandong 
province

2011–2014 At least 3 
consecutive days 
with daily mean 
temperature above 
the 95th percentile 
from May to 
August

Non-accidental 
mortality, CVD, 
stroke, RD, and 
COPD; male and 
female; those aged 
0–64 years and 65+ 
years

The increasing number and 
intensity of heat wave had a 
deep impact on health. Heat 
waves significantly increased 
the risk of deaths due to 
non-accidental mortality, 
CVD and stroke. The elderly 
were more vulnerable during 
heat wave exposure

Tian 
et al. 
[30]

Beijing 2000–2011 18 heat wave 
definitions by 
combining heat 
wave thresholds 
(87.5th, 90.0th, 
92.5th, 95th, 
97.5th, and 99th 
percentiles of 
daily mean 
temperature) with 
durations of ≥2, 
≥3, and ≥4 days

CHD death; female 
and male; those aged 
<65 years and age 
≥65 years

Heat wave definition using 
97.5th percentile of daily 
mean temperature (30.5 °C) 
and duration ≥2 days 
produced the best model fit. 
Women and elderly were 
more sensitive to heat wave 
than men and young, 
respectively. The longer 
duration of heat wave 
increased risk of CHD death 
more than shorter duration for 
the elderly. The first 2 days of 
heat wave had the highest 
health impact

Wang 
et al. 
[31]

Suzhou, 
Jiangsu 
province

2005–2008 A period of at 
least 7 
consecutive days 
with daily 
maximum 
temperature above 
35.0 °C and daily 
average 
temperatures 
above the 97th 
percentile during 
the study period

Total mortality The additional effect of heat 
wave was not statistically 
significant

Lin 
et al. 
[21]

Taiwan 1994–2007 City-specific 95th, 
97th, and 99th 
percentiles of 
mean temperature, 
with durations of 
3–5, 6–8, and 
>8 days

All-cause mortality, 
CVD, and RD; those 
aged 65 years and 
above

Risk estimates of heat wave 
increased with longer 
durations. No significant 
positive associations between 
heat wave and 
cardiorespiratory mortality 
were observed

Lin 
et al. 
[20]

Taiwan 1994–2007 97th percentile of 
daily temperature 
lasting for 3–5, 
6–8, and >8 days

Deaths from CVD, 
CBD, and IHD

Significant heat wave effects 
were only found among 
mortality from IHD in Taipei, 
heart disease in Taichung, and 
CBD in Kaohsiung

CVD cardiovascular disease; RD respiratory disease; IHD ischemic heart disease; CHD coronary heart disease; CBD 
cerebrovascular disease; COPD chronic obstructive pulmonary disease; MI myocardial infarction

J. Yang et al.
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Table 3.2 The summary of included studies on cold spell and mortality in China

Source Location Time period
Definition of cold 
spell

Main outcomes and 
stratification Main findings

Ma 
et al. 
[32]

Shanghai 2001–2009 At least 7 
consecutive days 
with daily average 
temperature below 
the 3rd percentile

Non-accidental, 
CVD, stroke, CHD, 
RD, COPD; male 
and female; those 
aged 0–4, 5–44, 
45–64, and 
≥65 years

The impact of 2008 cold 
spell was investigated. The 
impact was statistically 
significant for CVD but not 
for RD. The elderly was 
more vulnerable to the cold 
spell

Zhou 
et al. 
[33]

15 provinces in 
subtropical 
China

2006–2010 At least 5 
consecutive days 
with daily mean 
temperature ≤ the 
5th percentile in 
each community 
during December–
March of 
2006–2010

Non-accidental, 
CVD, RD, CBD; 
male and female; 
those aged 0–64, 
65–74, 75–84, and 
85+ years

The 2008 cold spell 
significantly increased 
mortality risk in subtropical 
China, and its effect can last 
for over 3 weeks. The main 
effect of cold spell was much 
larger than the added effect 
in most regions. Those with 
RD, females, and the elderly 
were more vulnerable to the 
cold spell

Xie 
et al. 
[24]

Guangzhou, 
Nanxiong, and 
Taishan, 
Guangdong 
province

2006–2009 At least 5 days 
with daily 
minimum 
temperature below 
the 5th percentile

Non-accidental, 
CVD, and RD; 
those aged 0–64, 
65–74, and 75+ 
years; male and 
female

The 2008 cold spell was 
associated with an increase 
in daily mortality in three 
subtropical cities of 
Guangdong province; the 
elderly suffered most during 
the 2008 cold spell, and the 
effects appeared to be more 
pronounced for RD than that 
for CVD

Zhang 
et al. 
[34]

Wuhan, Hubei 
province

2001–2011 At least 5 days 
with daily mean 
temperature below 
the 5th percentile

Non-accidental, 
CVD, and RD; 
those aged 0–64 
and 65+ years; 
male and female

The effect of 2008 cold spell 
was much higher than those 
in other years. Those with 
CVD and elderly were more 
vulnerable to cold spell

Zhong 
et al. 
[35]

Beijing 1998–2000 A period with 
temperature 
decrease of at least 
8 °C and minimum 
temperature less 
than 4 °C

CVD, CBD, and 
MI

Six cold spells were 
identified, most of which 
showed nonsignificant 
impact on CVD mortality. 
And cold spell with much 
lower temperature but higher 
air pressure may cause 
increased CVD mortality

Ding 
et al. 
[15]

Guangzhou, 
Guangdong 
province

2003–2007 At least 7 
consecutive days 
with daily average 
temperature below 
the 3rd percentile

Non-accidental, 
CVD, IHD, stroke, 
RD, and COPD; 
male and female; 
aged 0–64, 65–74, 
and 75+ years

Statistically significant effect 
of cold spell was only 
observed among non- 
accidental mortality, those 
with RD, and females and 
the elderly

Han 
et al. 
[19]

Jinan, 
Shandong 
province

2011–2014 At least 3 
consecutive days 
with daily average 
temperature below 
the 5th percentile

Non-accidental 
mortality, CVD, 
stroke, RD, and 
COPD; male and 
female; those aged 
0–64 and 65+ years

Cold spells significantly 
increased the risk of deaths 
among all subgroups

(continued)
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Table 3.2 (continued)

Source Location Time period
Definition of cold 
spell

Main outcomes and 
stratification Main findings

Wang 
et al. 
[31]

Suzhou, 
Jiangsu 
province

2005–2008 At least 7 
consecutive days 
with daily 
maximum 
temperature and 
daily average 
temperatures below 
the 3rd percentile

Total mortality The additional effect of cold 
spell was not statistically 
significant

Wang 
et al. 
[23]

66 Chinese 
communities

2006–2011 At least 2 
consecutive days 
with daily mean 
temperature below 
the 5th percentile 
in each community

Non-accidental, 
CVD, and RD; 
female and male; 
0–64, 65–74, 
75–84, and 85+ 
years; education 
attainment (primary 
school, middle 
school and college 
or higher)

Cold spells significantly 
increased mortality risk in 
China, with a greater effect 
in southern areas. The 
mortality risk reached a 
maximum after 5 days 
exposure to a cold spell and 
then decreased and persisted 
for the next 3 weeks. In 
terms of regional 
distribution, the maximum 
overall effect was observed 
in southern areas, followed 
by eastern and central areas. 
The effects increased with 
cold spell duration, intensity, 
and earlier timing

Lin 
et al. 
[21]

Taiwan 1994–2007 City-specific 1st, 
3rd, and 5th 
percentiles of mean 
temperature, with 
durations of 3–5, 
6–8, and >8 days

Those aged 
65 years and above; 
all-cause mortality, 
CVD, and RD

Risk estimate of cold spell 
increased by durations. No 
significant positive 
associations between cold 
spell and cardiorespiratory 
mortality were observed

Lin 
et al. 
[20]

Taiwan 1994–2007 5th percentile of 
daily temperature 
lasting for 3–5, 
6–8, and >8 days

Deaths from CVD, 
CBD, and IHD

Significant effects of cold 
spell were only found among 
mortality from IHD in 
Taipei, heart disease in 
Taichung, and CBD in 
Kaohsiung

CVD cardiovascular disease; RD respiratory disease; IHD ischemic heart disease; CBD cerebrovascular disease; COPD 
chronic obstructive pulmonary disease; MI myocardial infarction

Table 3.3 The summary of included studies on the heat wave and morbidity in China

Source Location
Time 
period Definition of heat wave

Main outcomes and 
stratification Main findings

Liu 
et al. 
[36]

Beijing 2009–
2010

At least 3 consecutive 
days with daily 
maximum temperature 
≥35.0 °C

EDV, including 
male and female; 
children aged 
0–4 years and the 
elderly ≥60 years; 
CVD and RD

Heat wave could increase the 
risk of EDV, and the sensitive 
groups were the elderly, 
children, and RD patients

Wang 
et al. 
[37]

Taiwan 2000–
2009

97th and 95th 
percentiles of daily 
mean temperature 
lasting for 3–5, 6–8, 
and >8 days, and 99th 
percentile lasting for 
2–3 days and >3 days

EDV for CVD and 
RD

Exposure to the first extreme 
heat event of the 99th 
percentile temperature was 
moderately associated with 
ERV for all causes and 
circulatory diseases

J. Yang et al.
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(continued)

Table 3.3 (continued)

Source Location
Time 
period Definition of heat wave

Main outcomes and 
stratification Main findings

Sun 
et al. 
[38]

Pudong, 
Shanghai

2011–
2013

At least 2 or 3 
consecutive days with 
daily maximum 
temperature above 90th, 
95th, and 99th 
percentiles

EDV and EAD The morbidity outcomes were 
strongly associated with heat 
wave. And the effect of heat 
wave varied by different heat 
wave definitions. Negative or 
nonsignificant effect estimates 
were found for higher 
intensity, except for the heat 
wave above 99th percentile

Ma 
et al. 
[39]

Shanghai 2005–
2008

At least 7 consecutive 
days with daily 
maximum temperature 
above 35.0 °C and daily 
average temperatures 
above 97th percentile 
during the study period

Hospital admission 
for all-cause, CVD 
and RD

Exposure to heat wave was 
associated with an increased 
risk of hospital admissions in 
Shanghai. Higher effects of 
heat wave were observed 
among hospital admissions 
from CVD and RD than the 
all-cause

Li 
et al. 
[40]

Chongqing 2009–
2013

At least 3 consecutive 
days with daily average 
temperature equal to or 
over 34 °C. The heat 
wave intensity was 
classified into four 
levels using 25th, 50th, 
and 75th percentile of 
temperature multiplying 
the durations of heat 
wave as cutoff

Heatstroke, 
including male and 
female; those aged 
0–14 years, 
15–18 years, 
19–35 years, 
36–55 years, 
56–65 years, and 
>65 years

Number of heatstroke cases 
increased with the increasing 
of duration of heat wave and 
peek at the 11th day of heat 
wave. Stronger intensity of 
heat wave was accompanied 
by higher daily heatstroke 
cases and higher proportion of 
severe cases

Zheng 
et al. 
[41]

Beijing 2009–
2011

At least 3 consecutive 
days with daily 
maximum temperature 
≥35.0 °C

EDV, including 
male and female; 
those aged ˂65 years 
and ≥65 years; 
CVD, hypotension, 
IHD, and CBD

Heat wave was significantly 
associated with increased 
EDV from all types of 
CVD. And the elderly was 
more vulnerable to the heat 
wave. Air pollution and 
weather variables could not 
modify the heat wave effects

Liu 
et al. 
[42]

Guangzhou 
and Ningan, 
Guangdong 
province

2006–
2011

At least 2 consecutive 
days with daily mean 
temperature over 95th 
percentile

Hospital admissions, 
including male and 
female; those aged 
≤65 years, 
66–75 years, and 
≥75 years; CVD 
and RD

The effect of heat wave was 
acute, and the highest 
accumulative effect was at lag 
0–1 days. Population in rural 
regions, females, and the elderly 
were at greater risk of heat 
wave. RD suffered more serious 
heat wave effect than CVD

Song 
et al. 
[43]

Beijing 2009–
2012

At least 2–4 consecutive 
days with daily mean 
temperature exceeding 
the 95th, 96th, 97th, 
98th, and 99th 
percentiles

EDV for RD, 
including male and 
female; those aged 
0–64 and 65 years; 
total RD, upper and 
lower RD

The RRs of heat waves 
increased with thresholds, and 
the greatest risk was observed 
in extremely heat wave. The 
added effects of heat waves 
were small and negligible. The 
added heat wave effect only 
introduced additional risk in 
females and upper RD. 
Compared with males, females 
have increased vulnerability to 
the effects of heat wave

3 Extreme Temperature Events and Mortality/Morbidity in China
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Table 3.3 (continued)

Source Location
Time 
period Definition of heat wave

Main outcomes and 
stratification Main findings

Bai 
et al. 
[11]

Ningbo, 
Zhejiang 
province

2011–
2013

At least 7 consecutive 
heat days with the 
maximum temperature 
over 35 °C

Heat-related illness: 
male and female; 
those aged 
0–15 years, 
16–44 years, 
45–64 years, and 
≥65 years; heat 
stroke, heat cramp, 
and heat exhaustion

Heat wave dramatically 
increased morbidity of 
heat-related illnesses in 
Ningbo city. Heat wave effect 
was much stronger for severe 
heat-related illnesses than 
mild ones. Males were at 
higher risks of having 
heat-related conditions 
during heat wave than 
females, and all age groups 
were at risks in terms of heat 
diseases

Cheng 
et al. 
[44]

Huainan, 
Anhui 
province

2011–
2013

At least 2 or 3 
consecutive days with 
daily mean temperature 
above 95th, 97.5th, and 
99th percentiles

EAD The effect of heat wave on 
EAD was acute. The best 
model fit was the model 
using heat wave definition as 
at least 2 consecutive days 
with daily mean temperature 
over 95th percentile. 
Fraction of EAD attributable 
to heat wave decreased with 
higher heatwave intensity 
and longer heatwave 
duration

Cui 
et al. 
[14]

Jinan, 
Shandong 
province

2011–
2014

At least 3 consecutive 
days with daily 
maximum temperature 
≥35.0 °C

HS, including male 
and female; those 
aged 17–39 years, 
40–59 years, 
60–79 years, and 
80–93 years; mild 
and severe HS (heat 
cramp, heat 
exhaustion and 
mixture type)

Most of the heat stroke were 
severe type. The males and 
urban population suffered 
higher risk of HS during heat 
wave

Wang 
et al. 
[45]

Taiwan 2000–
2008

Temperature in 95th 
percentile lasting for 
3–5, 6–8, or >8 days

Outpatient visits for 
RD, asthma, and 
chronic airway 
obstruction; male 
and female; aged 
≥65 and <65 years

Outpatient visits for RD and 
asthma were significantly 
associated with heat wave 
lasting for 6–8 days

EDV emergency department visit; EAD emergency ambulance dispatch; CVD cardiovascular disease; RD respiratory 
disease; IHD ischemic heart disease; CBD cerebrovascular disease; HS heat stroke

Table 3.4 The summary of included studies on the cold spell and morbidity in China

Source Location
Time 
period Definition of cold spell

Main outcomes and 
stratification Main findings

Guo 
et al. 
[18]

Shanghai 2007–
2009

Four or more 
consecutive days with 
mean temperature 
below the 5th percentile 
of the distribution

Pediatric outpatient 
visits for asthma

Cold spell significantly increased 
the risk of pediatric outpatient 
visits for asthma. The severe cold 
spell also exhibited a long lagged 
effect on the onset of children’s 
asthma

J. Yang et al.
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bidity (Table  3.3), and 5 on the association 
between cold spell and morbidity (Table 3.4).

3.3  Characteristics of Extreme 
Temperature Events 
on Health

3.3.1  Definitions of Heat Wave 
and Cold Spell

According to the China Meteorological 
Administration (CMA), there are three types of 
heat wave alert signals and four types of cold 
spell alert signals in China [46, 47]. Among these 
definitions by CMA, the definition as at least 3 
consecutive days with daily maximum tempera-
ture over 35 °C was mainly used to quantify the 

health effects of heat wave in China; for the cold 
spell, the definition of a period with a tempera-
ture decrease of at least 8 °C over 48 h with mini-
mum temperature less than 4 °C was always used 
in studies of health risk assessment of cold spell 
(Table 3.5).

Since climate characteristics and socioeco-
nomic status vary greatly among different 
regions in China, people can acclimatize them-
selves to the local climates through physiologi-
cal adaptation and using external resources. 
Thus, the heat or cold vulnerability may be dif-
ferent across regions. In term of this regional 
discrepancy, many previous studies used the rel-
ative threshold of temperatures to define the heat 
wave and cold spell instead of the absolute 
threshold that was released by CMA. For exam-
ple, Wang et al. [23] estimated the effects of cold 

Source Location
Time 
period Definition of cold spell

Main outcomes and 
stratification Main findings

Song 
et al. 
[43]

Beijing 2009–
2012

At least 2–4 
consecutive days with 
mean temperature 
below the 1st, 2nd, 3rd, 
4th, and 5th percentiles

EDV for RD, 
including male and 
female; those aged 
0–64 and 65 years; 
total RD, upper and 
lower RD

The highest risk of cold spells on 
RD was observed in relatively mild 
cold spells. Compared with males, 
females have increased 
vulnerability to the effect of cold 
spell. Lower RD was significantly 
associated with cold spell. No 
added effect of cold spell was 
observed

Wang 
and 
Lin 
[45]

Taiwan 2000–
2008

Temperature in 5th 
percentile lasting for 
3–5, 6–8, or >8 days

Outpatient visits for 
RD, asthma and 
chronic airway 
obstruction; male 
and female; aged 
≥65 and <65 years

Cold spell lasting more than 8 days 
had a significant negative 
association with outpatient visits 
for RD

Wang 
et al. 
[37]

Taiwan 2000–
2009

10th and 5th percentiles 
of daily mean 
temperature lasting for 
3–5, 6–8, and >8 days, 
and 1st percentile 
lasting for 2–3 days and 
>3 days

EDV for all-cause, 
CVD and RD

Intensified prolonged cold spell 
were significantly associated with 
increased EDV for all causes and 
RD

Ma 
et al. 
[39]

Shanghai 2005–
2008

At least 7 consecutive 
days with daily 
maximum temperature 
and daily average 
temperatures below 3rd 
percentile during the 
study period

Hospital admission 
for all-cause, CVD 
and RD

Cold spells were associated with 
increased risk of hospital 
admissions. The cold spell had a 
larger impact on hospital admission 
than the heat wave

EDV emergency department visit; CVD cardiovascular disease; RD respiratory disease

Table 3.4 (continued)
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spell on mortality in 66 communities from 7 geo-
graphical Chinese regions using definition of at 
least 2 consecutive days with daily temperature 
below 5th percentile in cold season [23]. With 
the same dataset, Ma et  al. [22] quantified the 
mortality risk of heat wave using the definition 
of at least 2 consecutive days with daily mean 
temperature above 95th percentile [22]. In addi-
tion, studies in Beijing [30], Nanjing [12], and 
Wuhan [27] compared multiple heat wave defini-
tions by combing different heat wave relative 
thresholds and different heat wave durations, and 
then the best heat wave definition was selected 
based on the model fit. For example, Tian et al. 
[30] compared 18 heat wave definitions by 
combing the heat wave thresholds (87.5th, 
90.0th, 92.5th, 95th, 97.5th, and 99th percentiles 
of daily mean temperature) and 3 heat wave 
durations (≥2, ≥3, and ≥4  days) to assess the 
impact of heat wave on coronary heart disease 
mortality in Beijing [30]. Differently, the study 
in five cities by Gao et al. [17] used the absolute 
mean temperature by 1-degree increments from 
20 °C to the 99th percentile to identify the best 
heat wave definition [17].

3.3.2  Frequency, Duration, 
and Timing of Extreme 
Temperature Events on Health

The frequency, severity, duration, and timing 
of extreme temperature events may signifi-
cantly influence their health-related effects. In 
terms of characteristics of heat wave, the study 

of Zeng et  al. [48] in four communities of 
Guangdong province reported that a 1 °C incre-
ment in daily mean temperature was associated 
with an increase of 1.2% (95% CI: −5.6–8.5%) 
in overall mortality, 1.4% (95% CI: −0.6–
3.4%) for 1 day increment in heat wave dura-
tion and −0.1% (95% CI: −1.2–1.0%) for 
every 10 days later in the season, even though 
the effect estimates were not statistically sig-
nificant. These findings were consistent with 
previous studies [12, 27, 49, 50]. For instance, 
every 1-day increase in the heat wave duration 
was associated with 0.38% increase in mortal-
ity risk in 43  US communities [49]; every 
5 days longer of heat wave duration resulted in 
0.14% (95% CI: 0.01–0.27%) increase in mor-
tality risk in 99 US cities [50]. Heat wave with 
longer duration and stronger intensity has also 
confirmed to be at greater mortality risk in 
other cities [12, 27].

Regarding the characteristics of cold spell, 
the study of Wang et al. in 66 Chinese communi-
ties presented that increments in cold spell dura-
tion and intensity were associated with mortality 
risk increase [23]. For instance, with intensity of 
5th percentile of daily mean temperature, cold 
spells at durations of 2, 3–5, and ≥6 days were 
associated with increases of 18.9%, 31.9%, and 
36.3% in non-accidental mortality. For the tim-
ing effect of cold spell, each 10  days earlier 
occurrence of cold spells (5th percentile of daily 
mean temperature with durations at 2, 3–5, and 
≥6  days) were associated with 1.9% (95% CI: 
0.5–3.4%), 1.4% (95% CI: 0.8–2.0%) and 2.4% 
(95% CI: 1.6–3.3%).

Table 3.5 The official definitions of heat wave and cold spell in China

Indicators Level Definitions Signal
Heat Low At least three consecutive days with daily maximum temperature over 

35 °C
Moderate The maximum temperature above 37 °C in 24 h

Severe The maximum temperature above 40 °C in 24 h

Cold Low A drop in minimum temperature of 8 °C within 48 h, to a high of 4 °C

Moderate low A drop in minimum temperature of 10 °C within 24 h, to a high of 4 °C

Moderate high A drop in minimum temperature of 12 °C within 24 h, to a high of 0 °C

Severe A drop in minimum temperature of 16 °C within 24 h, to a high of 0 °C
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3.4  Association Between 
Extreme Temperature Events 
and All-Cause Mortality/
Morbidity

3.4.1  Heat Wave Impact on All- 
Cause Mortality

The study of Ma et  al. conducted in 66 com-
munities was the largest study to quantify the 
mortality risk of heat wave in China [22]. In 
this study, heat wave corresponded to a total of 
5.0% (95% CI: 2.9–7.2%) additional deaths in 
these communities, showing significant spatial 
heterogeneity. The greatest mortality risk was 
identified in northern China, with increment 
estimate of 6.0% (95% CI: 1.0–11.3%), fol-
lowed by eastern China (5.2%, 95% CI: 0.4–
10.2%), southern China (4.5%, 95% CI: 
1.4–7.6%), and Western China (3.9%, 95% CI: 
−0.6–8.7%).

The fixed-effects meta-analysis or random- 
effects meta-analysis was applied to combine the 
effect estimates among different studies. The method 
was chosen according to the heterogeneity that was 
tested by Cochran Q and Higgins I2 statistics [51]. 
Among the included studies, the largest effect esti-

mate of heat wave on mortality was found in the 
study of Zhang et al. [27] in Wuhan, with correspond-
ing RR of 1.63 (95% CI: 1.42–1.85) [27], while the 
lowest estimate was 1.01 (95% CI: 1.00–1.04) in the 
study of Han et al. [19] in Nanjing [19]. The between-
study heterogeneity was statistically significant 
among these studies (I2  =  97%; P  <  0.0001). The 
pooled RR across the included studies was 1.20 (95% 
CI: 1.09–1.32) (Fig. 3.3), which was comparable to 
the recent multicountry study [52].

Several studies focused on the health effect of 
the unprecedented heat wave occurred in eastern 
China in 2013. The study of Du et  al. [16] in 
Shanghai examined the impact of heat wave in 
each year during 2003–2013 and found that the 
intensity and duration of 2013 heat wave was 
much higher than those in 2003–2012, with cor-
responding maximum temperature of 40.6 and 
38.9  °C, and duration of 44 and 37  days. This 
extreme heat wave caused 1347 deaths in Shanghai, 
which was 3.9 times higher than the average heat 
wave-related excess deaths in 2003–2012 [16].

Furthermore, it is of great importance to evalu-
ate the potential additional effects from heat wave 
by decomposing the heat effect into the tempera-
ture term and an added additional term for heat 
wave, which could help us better understand the 

Fig. 3.3 Summary of studies of heat wave and all-cause mortality
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mechanism of heat wave impact and better guide 
the development of the public health interven-
tions. In four communities of Guangdong prov-
ince, Zeng et al. [48] found that the main effects 
of heat waves were much greater than the added 
effects, with corresponding RR of 1.08 (95% CI: 
1.03–1.13) and 1.00 (95% CI: 0.96–1.04). In 
addition, Chen and colleagues found that the 
added effects of heat waves could be  significantly 
influenced by different heat wave definitions [12].

3.4.2  Heat Wave Impact on All- 
Cause Morbidity

Table 3.2 presented the studies regarding the 
extreme temperature events and morbidity. 
Compared to the mortality, there are fewer num-
bers of studies examining the influence of heat 
wave on morbidity. Hospital admissions, outpa-
tient visits, emergency department visits (EDV), 
and emergency ambulance dispatch (EAD) were 
frequently used as surrogate indicators. In 
Shanghai, Guangzhou, and Xingning, Ma and 
Liu have reported that hospital admissions were 
significantly associated with heat wave [39, 42], 
with corresponding RR of 1.02 (95% CI: 1.01–
1.04), 1.03 (95% CI: 1.01–1.04), and 1.05 (95% 
CI: 1.02–1.06). With respect to the heat wave 
effects on EAD, Sun et al. [38] and Cheng et al. 
[44], respectively, reported RR of 1.05 (95% CI: 
1.01–1.08) and 1.20 (95% CI: 1.05–1.37) in EAD 
associated with heat wave [38, 44]. And Cheng 
et  al. [44] also found that higher intensity and 
longer duration corresponded to lower fraction of 
EAD, with percent change varying from 0.51 to 
1.52% [44]. For the EDV, in Beijing, Shanghai, 
and Taiwan, Liu et al. [36], Sun et al. [38], and 
Wang et al. [37] reported the significant relation-
ship between heat wave and EDV, with RRs rang-
ing between 1.03 (95% CI: 1.01–1.04) and 1.09 
(95% CI: 1.05–1.13) [36–38].

3.4.3  Cold Spell Impact on All- 
Cause Mortality

The study of Wang et al. [23] conducted in 66 com-
munities was the largest study to quantify the mor-

tality risk of cold spell in China [23]. In this study, 
the magnitude of cold spell varied greatly by 
regions. The largest cumulative excess risk was 
found in southern China, with estimate of 58.7% 
(95% CI: 40.1–79.9%), followed by the eastern 
China (39.2%, 95% CI: 26.5–53.1%), the Central 
China (36.8%, 95% CI: 22.6–52.6%), southwestern 
China (31.3%, 95% CI: 19.9–43.7%), northwestern 
China (17.7%, 95% CI: 6.3–30.3%), northern China 
(1.4%, 95% CI: −13.3–18.5%), and northeastern 
China (0.2%, 95% CI: −14.1–16.8%).

Among the eight included studies on associa-
tion between cold spell and mortality, the high-
est estimate was reported in Wuhan by Zhang 
et  al. [34] and the lowest in Suzhou by Wang 
et  al. [31], with corresponding RRs of 1.56 
(95% CI: 1.36–1.78) and 1.03 (95% CI: 0.89–
1.20), respectively. Then random-effect meta-
analysis was used to combine the effect 
estimates across these investigations. The 
pooled RR was 1.25 (95% CI: 1.11–1.40), while 
the between-study heterogeneity was statisti-
cally significant across these studies (I2 = 96%, 
P  <  0.001) (Fig.  3.4). The estimate was much 
higher than the result of a recent systematic 
review on global association between cold spell 
and mortality, reporting RR of 1.10 (95% CI: 
1.04–1.17). Most of the included studies in that 
systematic review were from European coun-
tries. These developed countries may have 
stronger social, institutional, technological, and 
behavioral adaptation capacity and richer expe-
rience in lessening the damage caused by 
extreme temperature events [1]. Thus, people in 
these countries have less vulnerability to these 
adverse weather events.

Additionally, Zhou and colleagues reported that 
the main effect of cold spell was generally higher 
than the added effect [33], with a cumulative excess 
mortality risk of 22.5% (95% CI: 5.2–42.6%) for 
the main effect and 9.4% (95% CI: −7.8–29.9%) 
for added effect of cold spell. The authors specu-
lated that it is the cold “snap” contributed by the 
main effect and that as the event went on over time, 
people may take preventive measures.

Several studies focused on the effect of the 
unprecedented 2008 cold spell on mortality in 
subtropical China. In 36 Chinese subtropical 
communities, Zhou et  al. found that a total of 
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43.8% (95% CI: 34.8–53.4%) and 148,279 
additional deaths were attributable to this cold 
spell, and its adverse effect could last for over 
27 days [33]. The magnitude of 2008 cold spell 
on mortality was found to be much higher than 
those in other years [33, 34]. For example, the 

RR of 1.56 (95% CI: 1.36–1.78) was associated 
with 2008 cold spell in Wuhan, compared to 
1.23 (95% CI: 1.08–1.41) for the cold spell in 
other years [34]. Among these four included 
studies, the pooled RR was 1.38 (1.18–1.61) for 
2008 cold spell (Fig. 3.5).

Fig. 3.4 Summary of studies of cold spell and all-cause mortality

Fig. 3.5 Summary of studies of 2008 cold spell and all-cause mortality
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3.4.4  Cold Spell Impact on All- 
Cause Morbidity

Cold spell has also been reported to be significantly 
associated with the increase in the all-cause mor-
bidity. Ma et al. [39] have explored the impact of 
cold spell on hospital admissions during 2005–
2008  in Shanghai, China [39], and detected that 
cold spell corresponded to 38% (95% CI: 35–40%) 
increase of all-cause hospital admissions. The 
effect of cold spell on hospital admissions was 
larger than that of heat wave (percentage change: 
2%, 95% CI: 1–4%) in this study. Additionally, a 
population-based cohort study assessed the first 
and prolonged extreme temperature event on emer-
gency room visits (ERV) during 2000–2009  in 
Taiwan [37] and reported that the ERV risks were 
found to be significantly associated with extreme 
cold temperature at 5th percentile lasting for over 
8 days, with RR of 1.18 (95% CI: 1.10–1.27).

3.5  Extreme Temperature Events 
on Cardiovascular Mortality/
Morbidity

Cardiovascular diseases (CVD) are among the 
leading causes of death in the world, causing 
17.9 million deaths in 2016 and accounting for 

44% of all deaths from noncommunicable dis-
eases [53]. During last decades, the prevalence of 
CVD has changed differently between develop-
ing and developed countries, with a rapid increase 
in the low-income regions but a fast decline in 
many high-income countries. Driven by popula-
tion ageing, changes in diet and physical activity, 
China is facing an increasing epidemic of 
CVD. According to the 2017 report on cardiovas-
cular diseases in China, there are nearly 290 mil-
lion CVD patients, and in 2015, the mortality 
rates were 298.40 and 264.84 per 100,000  in 
rural and urban region, respectively.

People with CVD are particularly vulnerable to 
cold and heat temperature [54, 55]. Expose to cold 
temperatures may directly lead to an increase in 
platelets, red blood cell counts, blood pressure, 
blood viscosity, vasoconstriction and fibrinogen, 
and plasma cholesterol [56]. On the other hand, 
exposure to the hot temperature may cause signifi-
cant physiological alterations, such as change in 
cardiac output leading to dehydration and hypoten-
sion, increase in blood viscosity, and even endothe-
lial cell damage [57]. These temperature variations 
may add burden to the cardiac system and trigger 
lethal events such as ischemic heart disease and 
stroke. As shown in Figs. 3.6, 3.7, 3.8, 3.9 and 3.10, 
there is a summary of studies of association between 
extreme temperature events and CVD in China.

Fig. 3.6 Summary of studies of heat wave and cardiovascular mortality

J. Yang et al.



43

Fig. 3.7 Summary of studies of heat wave and stroke mortality

Fig. 3.8 Summary of studies of cold spell and cardiovascular mortality
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3.5.1  Heat Wave Impact 
on Cardiovascular Mortality

CVD mortality has been extensively associated 
with heat wave in previous studies [12, 19, 20, 
22, 25, 26, 29, 30], with the RR in CVD mortality 

ranging from 1.03 (95% CI: 1.00–1.06) in Jinan, 
Shandong [19], to 1.68 (95% CI: 1.06–2.63) in 
Taichung, Taiwan [20]. The pooled RR of heat 
wave on CVD mortality in the seven included 
studies was 1.23 (95% CI: 1.10–1.37) (Fig. 3.6), 
and similar effect estimate was observed for 

Fig. 3.9 Summary of studies of cold spell and stroke mortality

Fig. 3.10 Summary of studies of cold spell and mortality from coronary heart disease

J. Yang et al.



45

stroke mortality, with pooled RR of 1.20 (1.20, 
95% CI: 1.08–1.33) (Fig.  3.7). For other 
cardiovascular- specific mortality, in Beijing and 
Shanghai, the RRs of coronary heart disease mor-
tality associated with heat wave were reported to 
be 1.31 (95% CI: 1.17–1.46) and 1.20 (95% CI: 
1.02–1.40) [29, 30]; Luan and Zhang found sig-
nificantly elevated death risks from acute myo-
cardial infarction in Beijing and Jinan, Shandong 
province [26, 58], with corresponding RRs of 
1.33 (95% CI: 1.19–1.50) and 1.60 (95% CI: 
1.11–2.29).

3.5.2  Heat Wave Impact 
on Cardiovascular Morbidity

Investigations on the impact of heat wave on car-
diovascular morbidity have been conducted in 
Beijing, Shanghai, Guangzhou, Xingning, and 
Taiwan. Ma et  al. [39] and Liu et  al. [42] have 
found that heat wave was associated with 
increased risk of hospital admissions in Shanghai, 
Guangzhou, and Xingning, with the correspond-
ing RRs of 1.08 (95% CI: 1.05–1.11), 1.02 (95% 
CI: 1.01–1.03), and 1.03 (95% CI: 1.02–1.05) 
[39, 42]. Regarding the EDV, Wang and Zheng 
[41] reported that the EDV increased dramati-
cally during the heat wave, with RRs ranging 
from 1.23 (95% CI: 0.98–1.54) to 1.83 (95% CI: 
1.77–1.92).

3.5.3  Cold Spell Impact 
on Cardiovascular Mortality

Among the included studies, the highest esti-
mate of cold spell on CVD mortality was 
reported in the study of Zhang et  al. [34] in 
Wuhan, with RR of 1.95 (95% CI: 1.61–2.37), 
while the lowest effect estimate was 1.09 (95% 
CI: 0.96–1.24) in the study of Ding in Guangzhou 
[15]. The pooled RR of cold spell on mortality 
was 1.36 (95% CI: 1.16–1.58) (Fig. 3.8). For the 
cardiovascular- specific death, the pooled RR 
was 1.25 (95% CI: 1.12–1.41) for stroke mortal-
ity and 1.22 (95% CI: 1.10–1.35) for CHD mor-
tality (Figs. 3.9 and 3.10).

3.5.4  Cold Spell Impact 
on Cardiovascular Morbidity

To date, only Wang and Ma have reported the 
association between cold spell and cardiovascu-
lar morbidity in China [37, 39]. However, only 
statistically significant effect of cold spell on 
CVD morbidity was observed in the study of Ma 
et al. [39], with RR of 1.32 (95% CI: 1.28–1.37).

3.6  Impact of Extreme 
Temperature Events 
on Respiratory Mortality/
Morbidity

Respiratory diseases cause a substantial health- 
care burden around the world. These diseases are 
another leading cause of deaths among people 
after exposure to the extreme temperature. 
Exposure to extreme temperature may cause 
pathophysiological responses of the respiratory 
epithelium at a tissue level, such as broncho-
spasms and inflammatory changes [59, 60]. As 
shown in Figs.  3.11, 3.12, 3.13, 3.14 and 3.15, 
there is a summary of studies of extreme temper-
ature events and respiratory diseases in China.

3.6.1  Heat Wave Impact 
on Respiratory Mortality

Among the included studies on the association 
between heat wave and respiratory mortality, the 
highest estimate was found in the study of Luan 
et al. [26] in Beijing [26], with RR of 1.40 (95% 
CI: 1.19–1.64), while the lowest RR (1.01, 95% 
CI: 0.93–1.11) was observed in the study of Han 
et al. [19] in Jinan [19]. The random-effect meta- 
analysis was used to combine the effect of heat 
wave on respiratory mortality among seven 
included studies. The pooled RR was 1.17 (95% 
CI: 1.06–1.29) (Fig.  3.11). In comparison to the 
total respiratory mortality, the effect of heat wave 
was higher among deaths from chronic obstructive 
pulmonary disease (COPD), with pooled RR of 
1.25 (95% CI: 1.05–1.49) (Fig. 3.12). In  addition, 
Luan and Huang have evaluated the effect of heat 
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Fig. 3.11 Summary of studies of heat wave and respiratory mortality

Fig. 3.12 Summary of studies of heat wave and COPD mortality
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Fig. 3.13 Summary of studies of heat wave and respiratory morbidity

Fig. 3.14 Summary of studies of cold spell and respiratory mortality
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wave on respiratory infection mortality, but no sig-
nificant effects were observed [26, 29].

3.6.2  Heat Wave Impact 
on Respiratory Morbidity

The elevated respiratory morbidity rate was 
 significantly associated with heat wave. Among 
the four included studies on the association 
between heat wave and respiratory morbidity [37, 
39, 42, 43], the highest effect estimate was found 
in the study of Song et al. [43] in Beijing examin-
ing the impact of heat wave on the emergency 
department visits, with RR of 1.64 (95% CI: 1.21–
2.06), while the lowest estimate was 1.03 (1.00–
1.05) in the study of Liu et al. [42] in two cities of 
Guangdong province [42]. The pooled RR of heat 
wave on respiratory morbidity was 1.20 (95% CI: 
0.99–1.47) in the four included studies (Fig. 3.13).

3.6.3  Cold Spell Impact 
on Respiratory Mortality

Among the included studies on the association 
between cold spell and respiratory mortality, the 

highest estimate was found in the study of Xie 
et al. [24] in three cities of Guangdong province, 
with RR of 2.74 (95% CI: 1.78–4.24), while the 
lowest RR (1.19, 95% CI: 1.11–1.27) was in the 
study of Han et  al. in Jinan [19]. The random- 
effect meta-analysis was applied to combine 
the effects of cold spell on respiratory mortal-
ity among seven included studies. The pooled 
RRs of cold spell on respiratory mortality and 
COPD mortality were 1.46 (95% CI: 1.21–1.75) 
and 1.22 (95% CI: 1.12–1.34), respectively 
(Figs. 3.14 and 3.15).

3.6.4  Cold Spell Impact 
on Respiratory Morbidity

To date, limited data are available on the asso-
ciation between cold spell and morbidity from 
respiratory disease. In Shanghai, Ma et al. [39] 
found elevated hospital admissions of respira-
tory disease associated with cold spell, with the 
RR of 1.32 (95% CI: 1.24–1.40); in Beijing and 
Taiwan, Song and Wang found a significant 
association between cold spell and respiratory 
emergency department visits, with RRs ranging 
from 1.28 (95% CI: 1.08–1.52) to 1.89 (95% CI: 

Fig. 3.15 Summary of studies of cold spell and COPD mortality
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1.30–2.73) [37, 43]; Wang and colleagues 
reported that cold spell lasting more than 8 days 
did not significantly increase the risk in outpa-
tient visits for asthma and chronic airway 
obstruction but had a significant and negative 
correlation with outpatient visits for respiratory 
diseases [45]. Furthermore, Guo et  al. [18] 
found a significantly elevated risk for children’s 
asthma caused by cold spell across different 
days of lag during 2007–2009, with highest RR 
of 1.30 (95% CI: 1.13–1.48). And the 2008 cold 
spell lasting for 20  days caused higher risk 
(1.75, 95% CI: 1.48–2.00), compared to the 
morbidity rates among the same periods in 2007 
and 2009.

3.7  Others

In addition to the common cardiovascular dis-
eases and respiratory diseases, the heat-related 
illnesses are particularly affected by heat wave. 
The study of Bai et al. [11] in a coastal city of 
China found that heat-related illnesses increased 
dramatically during the heat wave in the sum-
mer of 2011–2013 [11]. A total of 679 excess 
illnesses were associated with the heat wave in 
2013 in this city, in comparison to the average 
values for the same period during 2011–2012. 
The largest effect estimate of heat wave on the 
severe heat-related diseases was detected in 
2013, with tenfold increased RR (10.69, 95% 
CI: 2.10–54.4). Individuals with more severe 
forms of heat-related illness were particularly 
influenced by the heat wave. The elevated heat 
stroke by the heat wave was also confirmed in 
the study of Li et al. [40] in Chongqing, and the 
number of daily cases increased by the duration 
of heat wave, peaking at the 11th day of the 
heat wave.

3.7.1  Individual Modifiers

Among the included studies, a few have assessed 
the individual effect modifiers of the association 
between heat wave/cold spell and health [12, 15, 
22, 23, 25, 29, 34]. This evidence could provide 

important information to identify the vulner-
able subpopulation and help to develop tailored 
intervention measures to protect the public 
health from climate change and extreme tem-
perature events [61]. Age, gender, and education 
level are viewed as important effect modifiers 
and have been extensively examined in these 
prior studies.

3.7.1.1  Age
The elderly were consistently identified to be at 
greater risk to cold spell and heat wave, com-
pared to the youth. Among the included studies, 
the effects of both cold spell and heat wave were 
not statistically significant among the young 
people, while most effects were statistically sig-
nificant among the elderly. The pooled RRs of 
heat wave on mortality were 1.09 (95% CI: 
0.99–1.21) and 1.20 (95% CI: 1.07–1.34) for 
people less than 65 years and over 65 years, and 
the corresponding RRs by cold spell were 1.14 
(95% CI: 1.10–1.18) and 1.31 (95% CI: 1.14–
1.50) (Figs. 3.16, 3.17, 3.18 and 3.19). And mul-
tiple studies found that the effects of extreme 
temperature events have greater effects on peo-
ple aged 75  years and older than those aged 
between 65 and 74 years [25, 26, 28, 33]. Human 
body functions on homeostasis and thermoregu-
lation are attenuated with age, which may con-
tribute to higher deleterious effects of heat wave 
and cold spell on the elderly. Moreover, the 
older individuals always suffer from higher 
prevalence of chronic diseases, such as cardio-
vascular disease, respiratory disease, and diabe-
tes disease, and are more likely to have mobility 
limitation, which may further increase their vul-
nerabilities to the extreme temperature events 
[61, 62]. Thus, the elderly living alone are par-
ticularly vulnerable to the extreme weather and 
should be paid more attention by the communi-
ties and families. However, unlike most previ-
ous studies, Bai and colleagues found that not 
only the elderly but the youth are at risk of heat-
related illnesses during extreme heat exposure, 
which may be because young adults are exposed 
to outdoor heat more frequently and influenced 
by the work- related mental health conditions 
[11].
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3.7.1.2  Gender
Gender is also an important effect modifier of the 
relationship between extreme temperature events 
and health. Generally, females suffered from 

greater effect of heat wave on mortality than 
males, and the pooled RRs were 1.29 (95% CI: 
1.12–1.47) and 1.14 (95% CI: 1.06–1.22) for 
females and males, respectively (Figs. 3.20 and 
3.21), which was also confirmed in studies using 

Fig. 3.16 Summary of studies of heat wave and all-cause mortality in the youth (0–64 years)

Fig. 3.17 Summary of studies of heat wave and all-cause mortality in the elderly (≥65 years)

J. Yang et al.



51

morbidity as health outcome [11, 41–43]. 
However, inconsistent results on gender effects 
were found for the cold spell. Some studies iden-
tified higher effect of cold spell among females 
than males [19, 23, 33], but others reported an 

opposite trend [15, 24, 34]. The combined RRs of 
cold spell on mortality were 1.28 (95% CI: 1.14–
1.43) for males and 1.26 (95% CI: 1.11–1.42) for 
females (Figs.  3.22 and 3.23). The discrepancy 
may be related to different gender-between expo-

Fig. 3.18 Summary of studies of cold spell and all-cause mortality in the youth (0–64 years)

Fig. 3.19 Summary of studies of cold spell and all-cause mortality in the elderly (≥65 years)
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Fig. 3.20 Summary of studies of heat wave and all-cause mortality in males

Fig. 3.21 Summary of studies of heat wave and all-cause mortality in females
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Fig. 3.22 Summary of studies of cold spell and all-cause mortality in males

Fig. 3.23 Summary of studies of cold spell and all-cause mortality in females
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sure opportunities, working characteristics, per-
sonal behaviors, and thermoregulatory functions 
to ambient temperature [61].

3.7.1.3  Education
Educational level could also modify the associa-
tion between extreme temperature events and 
health. Yang and coauthors [25] identified a 
decreasing trend of heat wave impact on health 
by education and reported RRs of 1.52 (95% CI: 
1.20–1.93) for the illiterate, 1.23 (95% CI: 1.05–
1.45) for those with primary school, and 1.10 
(95% CI: 0.91–1.32) for those with secondary or 
higher educational level. Chen et  al. [12] also 
confirmed that the less-educated were at higher 
risk to heat wave than those with higher educa-
tional level. However, Ma et  al. [22] reported 
higher risk for persons with a higher education 
level. For the cold spell, Wang et al. [23] reported 
that the risk of cold spell was much larger for 
those with lower educational level, with RRs of 
1.45 (95% CI: 1.28–1.65), 1.03 (95% CI: 0.88–
1.21), and 0.94 (95% CI: 0.75–1.17) for those 
with primary school, middle school, and college 
or above, respectively. Educational level was 
generally viewed as an important indicator of 
socioeconomic status. People with lower educa-
tional level always have poorer living and 
 working conditions, limited access to health-
care service, but relatively higher prevalence of 
health problems [25, 61]. Furthermore, the blue-
collar workers were found to be at higher mortal-
ity risk from heat wave compared with their 
white-collar counterparts [25]. The heterogene-
ity in exposure level may explain this difference. 
Blue-collar workers are always engaged in con-
struction, manufacturing, mining, maintenance, 
and other physical workers, while the white-col-
lar workers always perform professional, mana-
gerial, or administrative work. Therefore, those 
blue-collar workers may be exposed to the 
extreme high temperature more frequently and 
intensively.

3.7.1.4  Place of Death
Place of death was the significant effect modifier 
of the association between temperature extreme 
events and health, particularly for the heat wave. 

Several studies have consistently found that 
impact of heat wave was more noticeable for peo-
ple dying outside of hospital than those dying in 
the hospital [12, 22, 28, 63]. For instance, Chen 
et al. [12] reported that the RRs of heat wave on 
those dying out of hospital and in hospital were 
1.29 (95% CI: 1.19–1.41) and 1.07 (95% CI: 
0.93–1.22), respectively. The discrepancy caused 
by places of deaths may be associated with air 
conditioning and air filtration outside and inside 
the hospital. It may also reflect the socioeco-
nomic status difference such as access to the 
health-care service and health insurance. For the 
cold spell, only Zhou and coworkers [33] exam-
ined the influence of places of death on cold spell 
impact and found that the highest death risk of 
cold spell was found at home in the rural areas, 
while the emergency rooms was the place with 
the highest death risk in urban cities. They specu-
lated that people with severe diseases in the urban 
areas may be sent to an emergency department 
during the extreme cold weather, but in the rural 
regions, people with illness could not get access 
to the emergency services.

3.8  Community-Level 
Socioeconomic Modifiers

City- or community-specific socioeconomic 
factors can modify the health risk of extreme 
temperature events. To date, very few studies 
have assessed the effect modification of extreme 
temperature events by community- or city-level 
factors in China. The study of Ma et al. [22] pre-
sented that people in the urban cities or com-
munities with densely population suffered 
higher mortality risk from heat wave than their 
rural counterparts, which suggests 46.2% of the 
total amount of the between-community resid-
ual heterogeneity. People living in the urban 
communities suffered 5.11% (95% CI: 1.03–
9.34%) higher mortality risk by heat wave than 
those in rural areas. An interquartile range 
change in population density was associated 
with 2.97% (95% CI: 0.3–5.71%) increase in 
mortality by heat wave. However, other commu-
nity characteristics such as number of air condi-
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tioners in per hundred household, the rate of 
unemployment, the concentration of PM10, GDP, 
latitude, temperature, diurnal temperature range, 
and relative humidity did not statistically mod-
ify the association between heat wave and mor-
tality. In contrary to most previous studies, the 
study in Nanjing reported the stroke mortality 
risk caused by heat wave is much higher in rural 
areas than in urban areas, with RRs of 1.89 
(95% CI: 1.63–2.17) and 0.94 (95% CI: 0.76, 
1.15) [13]. The authors speculated that this dis-
crepancy may be due to the higher population 
vulnerability to heat exposure in rural areas, 
with lower quality of medical services and lower 
coverage of air conditioners. Also, poor air 
quality could enhance the health impacts of heat 
wave [64]. The underlying explanation is that 
strong sunlight during extreme heat weather 
could increase the production of secondary pol-
lutants such as ultrafine particles, contributing 
to greater health burden.

3.9  Early Warning System 
for Extreme Temperature 
Events

Health-oriented early warning systems against 
extreme temperature events are effective imple-
mentation to alleviate the economic lost and 
health risk. The development of these systems 
requires close collaboration among all relevant 
stakeholders so that the issues of great concern 
can be recognized and addressed timely. 
According to Ebi [65], the main components of 
the early warning system include identification 
and forecasting the extreme temperature events, 
an effective and timely response plan, and a 
 continuing assessment of the system and its com-
ponents. In China, only a few health-based heat 
wave early warning systems have been developed 
in a limited number of major cities. Thus, we 
only discussed the current evidence of heat-
health early system in China.

In 2000, Hong Kong introduced a Very Hot 
Weather Warning (VHWW) to alert the relevant 
government departments to implement actions 
and to remind the public about taking protective 

measures against extreme hot weather, which is 
based on a weather stress index and acclimatiza-
tion effect. Chau and coauthors [66] examined 
the association between VHWW and elderly 
mortality, reporting that VHWW may reduce 
1.23 (95% CI: 0.32–2.14) deaths from IHD and 
0.97 (95% CI: 0.02–1.92) deaths from stroke for 
the elderly per day. In 2002, Shanghai put for-
ward a framework of heat-health early warning 
system in China [67]. This system collects the 
24-h and 48-h forecast data on ambient tempera-
ture, dew point temperature, wind speed, wind 
direction, air pressure, and cloud in 2:00, 8:00, 
14:00, and 20:00, uses the spatial synoptic clas-
sification method to identify whether there will 
be moist tropical plus (MT+) air mass (an 
extremely hot and humid air mass), then predicts 
the excess death number at MT+ weather situa-
tion, and finally publishes the warning signal for 
the upcoming heat wave. There are some limita-
tions in this system. Firstly, only age and gender 
were considered in this operational system, so 
other important vulnerable populations, such as 
heat-related illnesses, cardiovascular diseases, 
and stroke, could not be identified; secondly, only 
the accuracy of the predicted excess death num-
ber by heat wave can be assessed, the effective-
ness of intervention measures to heat wave could 
not be evaluated in this system. Regarding to 
these disadvantages, Chinese Center for Disease 
Control and Prevention has established a more 
comprehensive heat-health early warning system 
in four cities with different climatic zones, 
including Nanjing, Chongqing, Shenzhen, and 
Harbin [68]. This system uses generalized addi-
tive model to predict the health risk of upcoming 
heat waves, after controlling for various con-
founding variables, such as air pollution, daily 
range of temperature, relative humidity, day of 
the week, and long-term trends. Several health 
risk indicators were also included, such as heat- 
related illnesses, cardiovascular disease, stroke, 
and respiratory disease. The evaluation of corre-
lation of early warning signals and health risk in 
Nanjing and Harbin showed that this early warn-
ing signal responses timely with good operation 
and efficiently forecasts the children’s respiratory 
system diseases and heat stroke. However, the 

3 Extreme Temperature Events and Mortality/Morbidity in China



56

sensitivity and specificity of this system are rela-
tively low, with corresponding estimates of 
72.7% and 65.1% [8, 69]. Thus, the functions and 
parameters of this system still need to be 
improved in the future. Given that these prior 
findings only analyzed the correlation instead of 
causation, more in-depth investigation is required 
to evaluate the causation effect of early warning 
of extreme temperature events on health in the 
future.

3.10  Summary

In this chapter, we summarized the health effects 
of heat wave and cold spell on health in China. 
The findings may provide scientific evidence for 
the further development and implementation of 
heat and cold warning system in China. The sum-
mary information of human risk due to these 
adverse temperature events may provide a valu-
able knowledge for the policymaker to develop 
the community-based intervention measures to 
protect public health from the extreme tempera-
ture events.

Over the past decades, there are mounting 
numbers of studies examining the health risk of 
heat wave and cold spell in China. However, most 
studies focused on the death risk associated with 
these temperature events. And the majority of the 
studies exploring the impact of temperature 
extreme on morbidity were mainly from one sin-
gle city. Therefore, more well-designed multicity 
studies are warranted for systematic assessment 
of morbidity risk attributable to temperature 
extremes in China. Furthermore, since only very 
limited number of cities have implemented the 
health-oriented heat wave early warning system, 
the health-oriented early warning system, includ-
ing not only heat wave but also cold spell, is 
encouraged to be introduced to other regions in 
China. And the cost-effective evaluation of these 
early warning systems is also needed. Finally, in 
the context of climate change, the projection of 
future heat wave and cold spell impact on health 
in China is also required, which can help to allo-
cate the public health resources to prepare for 
these future challenges.
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Health Impacts Due to Major 
Climate and Weather Extremes

Wei Ma and Baofa Jiang

Abstract
China is one of the countries which suffer the 
most serious climate extremes and disasters in 
the world. Climate extremes in China feature 
various types of extremes with high frequency, 
strong seasonal and regional differences, and a 
wide range of effects. This chapter summa-
rizes studies about three major climate and 
weather extremes’ health impacts conducted 
in China. Rainstorm and flood disasters 
directly or indirectly threaten the living envi-
ronment of human beings and the health of the 
people, such as the deterioration of the eco-
logical environment, the loss of huge property, 
death and related diseases, psychological 
trauma, and other immediate and delayed 
adverse effects. Tropical cyclone has multiple 
effects on human being’s health. In addition to 
death and injury caused by direct winds, heavy 
rains, and storm surges, it can also indirectly 
affect the health of the population through the 
destruction of shelter and health services, pop-
ulation migration, water pollution, and food 
reduction (resulting in hunger and malnutri-
tion), resulting in an increase in mortality, dis-
ability, and incidence of infectious diseases 
and noncommunicable diseases. During the 

drought period, water sources are more likely 
to be contaminated by feces and pathogens, 
causing outbreaks of digestive tract diseases. 
Drought can also increase risk of noncommu-
nicable diseases such as gynecologic diseases, 
esophageal cancer, renal damage, etc. With 
the global climate change, the frequency and 
intensity of extreme weather events such as 
heat waves, rainstorms, floods, and droughts 
have increased and will continue to increase. 
Although many literatures have studied the 
health effects of extreme weather events, there 
are still many problems to be solved.

Keywords
Climate and weather extremes · Flood · 
Drought · Tropical cyclone · Health impacts

4.1  Introduction

Climate and weather extremes, or climate- and 
weather-related disasters, generally refer to natu-
ral disasters induced by specific climate and 
weather conditions or changes. Because of its 
vast territory, complex geographical and ecologi-
cal environment, and various climatic conditions, 
China is one of the countries that suffer from fre-
quent climate and weather extremes. Climate 
extremes in China feature various types of 
extremes with high frequency, strong seasonal 
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and regional differences, and a wide range of 
effects (high confidence) [1, 2].

Based on the China National Assessment Report 
on Risk Management and Adaptation of Climate 
Extremes and Disasters, areas with a high inci-
dence of extremely high temperature are concen-
trated; drought are distributed in a wide pattern; 
extreme precipitation events occur mostly in south-
ern China; typhoons are concentrated seasonally; 
sandstorms show apparent seasonal variation; 
frosts and cold waves are strong in northern China 
while weak in southern China; and gales vary sig-
nificantly depending on regions. During the past 
60 years, climate extremes have changed signifi-
cantly in China. The numbers of high-temperature 
days and rainstorm days have increased, and the 
frequency of extreme low- temperature events has 
decreased. The tendency toward aridification has 
strengthened in northern and southwestern China. 
The intensity of landing typhoons has increased, 
and the number of haze days has increased (high 
confidence). The frequency and scope of regional 
or group-occurring climate extremes have increased 
in China (high confidence) [1].

Climate extremes and disasters pose multiple 
threats to populations, especially for those in 
developing countries where the disaster relief 
resources are limited [3, 4]. For example, Sri 
Lanka, Indonesia, Pakistan, China, Haiti, and 
Japan have all experienced climate extremes and 

disasters that caused high mortality during the 
last decade [5].

Since the 1980s, China has gone through great 
changes in its population size, economic condi-
tions, socioeconomic status, and development 
patterns. An increase in the extent and magnitude 
of areas affected by weather- or climate-related 
disasters has been witnessed in China, with direct 
economic losses increasing, while death tolls 
declined steadily (high confidence). The nature 
of the aging, high-density, and highly mobile 
population, along with the rapid accumulation of 
social wealth and poor infrastructure, resulted in 
an increase in the vulnerability of disaster- 
bearing bodies (high confidence) [1].

Using data from the Emergency Events 
Database (EM-DAT), Han et  al. analyzed the 
characteristics of natural disasters and losses 
associated with natural disasters in China from 
1985 to 2014 [6]. Over 500 natural disasters 
occurred in China during this period, including 
235 storms, 216 floods, 59 landslides, 30 
droughts, 13 extreme temperature events (ETEs), 
and 5 wildfires. The annual average frequencies 
of storms, floods, landslides, droughts, ETEs, 
and wildfires were: 7.8, 7.2, 2.0, 1.0, 0.4, and 0.2, 
respectively. Data also showed that there was an 
increasing trend in the occurrence of total natural 
disasters, particularly for floods, landslides, and 
storms (Fig. 4.1).
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According to Han’s study, southern coastal 
provinces in China were influenced by storms 
most frequently, among which Guangdong 
ranked the first. Sichuan, Hunan, and Guangxi 
suffered most frequently from floods, with over 
40 floods in each province. Most landslides 
occurred in southwestern China and droughts 
affected the provinces in central China such as 
Shandong, Anhui, and Hunan. Wildfires and 
ETEs were seldom reported, with most wildfires 
occurring in Northeast China and more ETEs 
occurring in South inland, Beijing and Shanghai 
were relatively more affected than others by 
ETEs. (Fig. 4.2) [6].

From 1985 to 2014, natural disasters caused 
more than 50,000 deaths in China, among 
which 61.0% were caused by floods, 22.5% by 
storms, 8.7% by landslides, 6.5% by droughts, 
0.7% by ETEs, and 0.5% by wildfires. Deaths 
from total natural disasters decreased over the 
study period, but no significant trend was 
observed. However, a significant decreasing 
trend in annual deaths caused by storms was 
detected (Fig. 4.3) [6].

4.2  Health Impacts 
Due to Floods

Flood is the most common natural disaster in the 
world. For example, in 2011, 60% of the biggest 
natural disasters were floods globally in terms of 
affected population and number of deaths. Due to 
the expansion of population and property in flood 
plains, the frequency of river floods and economic 
losses caused by floods have been increasing. 
Little is known about health trends attributable to 
flooding, except for mortality. There are large dif-
ferences in mortality in different countries [7, 8].

Rainstorm and flood disasters directly or indi-
rectly threaten the living environment and the 
health of human beings, such as the deterioration 
of the ecological environment, the loss of huge 
property, death and related diseases, psychologi-
cal trauma, and other immediate and delayed 
adverse effects. In the studies of the relationship 
between rainstorm and flood and human health, 
with the gradual deepening of human awareness 
of the environment and health, the research on the 
health hazards caused by the flood is also in depth.
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4.2.1  Deaths Caused by Floods

The impact of rainstorm and flood on people’s 
health is multifaceted, so the measurement of its 
damage effect is extremely complicated. Death 
means the end of life. It is the result of multiple 
factors. Therefore, the change of the death rate of 

the residents in the disaster area can be used as a 
comprehensive index to evaluate the impact of 
flood on the health of the people.

Rainstorm and flood disasters cause heavy 
casualties worldwide and in China. According to 
the statistics of the China Flood and Drought 
Disaster Bulletin (2016), the average annual 
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death of flood victims in China was 4212 from 
1950 to 2006 [9]. The Emergency Events 
Database (EM-DAT) showed that, during the 
period from 2000 to 2009, 5401 people died of 
floods in the river in China. This number was 
even higher (8119) in 2010. If the floods caused 
by other reasons are taken into consideration, the 
number of casualties will be more [10]. A study 
on the impact of flood disasters on the daily 
deaths of cardiovascular and cerebrovascular dis-
eases in Hunan Province shows that floods can 
lead to increased risk of cardiovascular disease, 
especially ischemic heart disease [11]. The sur-
vey data of the catastrophic floods in Hunan 
Province in 1996 and 1998 in China showed that 
the total mortality (939/100000) in the flood area 
was significantly higher than that in the non- 
disaster area (726/100000, P < 0.01) and the RRs 
were 1.61 and 1.44, respectively [12]. In addi-
tion, studies have shown that the intensity and 
frequency of precipitation may increase as a 
result of climate change, thus the possibility of 
local heavy rainfall increases, and the loss of the 
population associated with the flood will rise 
[13]. The higher mortality rate in the disaster area 
may be related to the deterioration of the living 
environment and the increase of mental and 
material pressure.

4.2.2  Floods and Infectious 
Diseases

After natural disasters, people often suffer from 
the deterioration of ecological and residential 
environment, water pollution, water and food 
scarcity, mental and psychological trauma, result-
ing in the decline of resistance, and then the out-
break of infectious diseases.

In recent years, the epidemic of infectious dis-
eases caused by rainstorm and flood has attracted 
more and more attention from relevant scholars 
and departments. The main infectious diseases 
are different in different stages of flood. In the 
early period of the flood, drinking water facilities 
and disinfection facilities were damaged in vary-
ing degrees, and drinking water sources and food 
were extremely vulnerable to pollution, so in this 

stage, intestinal infectious diseases often became 
the main type of infectious disease that threat-
ened the health of the victims [14]. In the middle 
of the flood, the victims were transferred to the 
embankments or high places, the living condi-
tions were poor and overcrowded, people who 
sleep in the open increased, and the opportunities 
and frequency of exposure to the infected water 
were greatly increased in the process of flood 
resistance and rescue; some respiratory diseases 
and natural-focus diseases would become the 
main threat. In the later period of the flood, the 
flood subsided, and the wild animals, such as 
rodents, oncomelania, and mosquitoes, were eas-
ily propagated because of the suitable climate 
conditions, resulting in the increase of the inci-
dence of natural-focus diseases [15, 16].

4.2.2.1  Floods and Intestinal Infectious 
Diseases

After the storm and flood disaster, drinking water 
and food are very vulnerable to the pollution of 
the infected water, but it is often lack of decon-
tamination and disinfection measures. These pol-
luted water and food are consumed and eaten by 
the victims, thus causing the epidemic of many 
kinds of intestinal infectious diseases. Studies 
have shown that the types of infectious diseases 
after the flood are mainly intestinal infectious 
diseases, accounting for more than 70% of the 
total number of infectious diseases [17]. 
Therefore, intestinal infectious diseases are the 
major threat and should be the focus of disease 
control in the early stage after the flood [18].

Ding et  al. studied the relationship between 
rainstorm flood and infectious diarrhea in Fuyang 
city in Anhui Province and showed that the risk 
of infectious diarrhea was increased by rainstorm 
and flood [19]. From 2004 to 2010, there were 
eight rainstorm and flood disasters in Nanning 
city of Guangxi, and the incidence of bacillary 
dysentery is positively correlated with the rain-
storm and flood, as well as the duration of rain-
storm and flood. After adjusting the 
meteorological factors and other confounding 
factors, the RR (relative risk) value of the influ-
ence of rainstorm and flood to the bacillary dys-
entery was 1.44. The incidence of bacillary 
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dysentery will increase by 8% with every one 
additional day of rainstorm and flood [20]. A sur-
vey conducted in Qingdao showed that heavy 
rain and flooding will increase the risk of hand, 
foot, and mouth disease in the total population 
[21]. However, currently the results of the study 
on the incidence of intestinal infectious diseases 
during rainstorm and flood are different. For 
example, a study carried out in Bangladesh in 
2010 showed that the incidence of cholera in resi-
dents of rainstorm and flood protection areas was 
higher than that in non-protected areas [22]. 
Therefore, the research on the relationship 
between rainstorm flood and digestive tract infec-
tious diseases is not thorough enough. Further 
research and discussion should be carried out in 
the future.

4.2.2.2  Floods and Respiratory 
Infectious Diseases

During the rainstorm and flood, the immunity of 
population (especially children) was decreased 
by the sudden climate change, the heavy rain, the 
poor living environment, and the interruption of 
the planned immunization; thus the incidence of 
respiratory infectious diseases will rise. A study 
about the prevalence of infectious diseases 
caused by severe rainstorm and flood disasters in 
Hubei Province in 1998 showed that in 1999, the 
number of intestinal infectious diseases and 
natural- focus diseases continued to increase in 
the disaster area compared to the non-affected 
areas, the Province, and the whole country. The 
incidence of respiratory infectious diseases was 
also increasing significantly [23]. Studies in the 
Huaihe River Basin of China in 2003 showed that 
many patients in the disaster area had mainly ton-
sillitis, heatstroke, diarrhea, upper respiratory 
tract infection, and skin infection [24].

4.2.2.3  Floods and Zoonoses 
and Vector-Borne Diseases 
(Natural-Focus Diseases)

Natural-focal diseases refer to diseases whose 
infection sources are wild animals, which are 
often transmitted among wild animals. However, 
under certain conditions, they can infect human 
beings [25]. In the period of flood, the flood 

inundated the breeding ground of the rodent and 
some domestic animals. A large number of 
excreta such as urine and feces were scoured, 
which caused a variety of pathogens to spread 
with the epidemic water. The migration of the 
rodent and livestock with the migration of the 
victims would greatly expand the scope of the 
epidemic. In addition, post-disaster climatic 
conditions are suitable for breeding of mosquito 
and other vectors. Therefore, various natural-
focus diseases are prone to occur after the disas-
ter [18]. An investigation by Zhou et al. in Hunan 
Province showed that the rate of rostral 
Leptospira (4.63%) in the flood area was signifi-
cantly higher than that in the non-flood area 
(1.35%), indicating that the flood would have a 
certain influence on the rate of the Leptospira 
[26]. Through the analysis of the incidence of 
infectious diseases after the flood in Beijing in 
July 21, 2012, Gao et al. also found that the nat-
ural-focus disease should be one of the types of 
infectious diseases which are the key prevention 
and control after the disaster [27].

4.2.3  Floods and Chronic Diseases

There are few studies and reports about the 
impact of rainstorm and flood on the chronic non-
communicable diseases of the victims in China. 
Through a retrospective survey of the areas suf-
fering from catastrophic floods, Li et  al. found 
that among the residents in the disaster area, the 
mental and behavioral disorders and the inci-
dence of major chronic diseases in the nervous 
system, circulation system, respiratory system, 
digestive system, musculoskeletal and connec-
tive tissue, urogenital system and other major 
chronic diseases were higher than those in non-
disaster areas [30]. Studies have also shown that 
floods and waterlogging events can lead to the 
risk of cardiovascular and cerebrovascular dis-
eases or increased risk of death [11]. Attention 
should be paid to the monitoring and prevention 
of such diseases after the disaster [11, 28].

Because of the slow onset of chronic diseases 
and long course of disease, the health damage to 
the victims is often fully revealed for a period of 
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time after the disaster. This is also the difficult 
point to assess the impact of the flood on chronic 
diseases. However, the current related research 
has suggested that the rainstorm and flood will 
affect the incidence and death of chronic dis-
eases, so the prevention and control of chronic 
diseases should not be neglected during flood 
period.

4.2.4  Floods and Other Diseases

4.2.4.1  Floods and Dermatosis
After the rainstorm and flood disaster, it is very 
easy to cause skin diseases because of the humid 
living environment. A field survey in the Huaihe 
basin in 2003 showed that 1025 patients were 
found in the flood area. The survey showed that 
most of them were mosquito bites, diarrhea, heat-
stroke, tonsillitis, upper respiratory infection, and 
skin infection [24].

4.2.4.2  Floods and Mental Health
Floods and waterlogging disasters not only 
threaten the property and personal safety of the 
residents in the disaster area, but when the sever-
ity and scale of the floods are beyond the capacity 
of the residents, they will have different effects 
on their mental health.

The recent and long-term traumatic psycho-
logical reactions to flood victims are very serious 
and common, mainly including post-traumatic 
stress disorder (PTSD), depression, anxiety, fear, 
and so on [29, 30]. By investigating 36,481 peo-
ple aged 7–96  years old in the 1995 Dongting 
Lake flood disaster area in 1999, Liu et al. found 
that 11,273 of the patients (30.9%) were PTSD 
patients, suggesting that PTSD is one of the psy-
chological diseases that often occur after the 
flood and cannot be ignored [31]. A survey of 
Songhua River flood victims by the SCL-90 scale 
and the Self-Rating Anxiety Scale showed that 
the positive rate of anxiety (63.93%) and the pos-
itive rate of anxiety and depression (53.51%) 
were significantly higher than those of the con-
trol group (41.12% and 25.95%, respectively) 
[32]. The stress levels of hundreds of people 
affected by the flood after the flood were tested 

by Luo et al. The results showed that compared 
with the control group, the anxiety of the disaster 
group was obviously serious [33]. Seventeen 
years after the floods in the Dongting Lake in 
1998, Dai et al. conducted a cross- sectional sur-
vey of 325 survivors of the disaster. The results 
showed that their prevalence of PTSD and anxi-
ety was 9.5% and 9.2%, respectively [34]. In 
addition, studies in China also found that the 
incidence of PTSD in the disaster area was nega-
tively correlated with social support and children, 
women, and elderly people were vulnerable 
groups [35, 36].

The above studies all suggest that the impact 
of rainstorm and flood disaster on the mental 
health of the residents in the affected areas can-
not be ignored. It is necessary to establish psy-
chological intervention mechanism or timely 
provide mental health service after disaster 
occurs as a necessary measure to reduce the inci-
dence of psychological diseases.

4.3  Health Impacts 
Due to Tropical Cyclones

Tropical cyclone is one of the extreme weather 
events that seriously threaten human health. It 
has multiple effects on people’s health, but it is 
mainly caused by negative effects. In addition to 
its direct winds, heavy rains, and storm surges, it 
can also indirectly affect the health of the popula-
tion through the destruction of shelter and health 
services, population migration, water pollution, 
and food reduction (resulting in hunger and mal-
nutrition), resulting in an increase in mortality, 
disability, and incidence of infectious diseases.

4.3.1  Injury and Death Caused by 
Tropical Cyclones

Typhoons cause house collapse, glass debris, col-
lision of floating objects, and falling down at high 
altitude, which can cause various injuries, with 
high disability rate and high mortality rate. Gong 
et  al. investigated on the 2004 “Rananim” 
typhoon injury situation and showed that the 
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occurrence of injury is closely related to wind 
speed and rainfall. Among the direct casualties 
caused by typhoons, the fatality rate of hard 
objects was the highest, reaching 31%, and the 
impact injury was 19% [37]. Shen’s research on 
typhoon Saomai in 2006 also found that injury 
reached its peak when the wind speed reached its 
maximum [38].

The death of tropical cyclones can be divided 
into the following categories: the direct death 
caused by the destruction of the houses, the out-
break of the flood, the accidental death or death 
of the disease in evacuation and restoration and 
reconstruction, the suicide, and other deaths 
caused by various factors after the disaster. The 
study of the effect of typhoon on the mortality of 
residents from 2008 to 2011  in Yuexiu District, 
Guangzhou, by Wang Xin, found that the occur-
rence of typhoon events will lead to the mortality 
of all death causes and the mortality of malignant 
tumor in the residents, women, infants, and the 
elderly and the resulting disease burden in 
women, children, and the elderly is higher than 
the rest of the population [39].

4.3.2  Tropical Cyclones 
and Infectious Diseases

Tropical cyclones often cause storm floods and 
destroy the underground drainage, water supply 
systems, and health infrastructure in affected 
areas. The deterioration of the ecological environ-
ment in the affected areas, the interruption of water 
supply and health services, and population aggre-
gation and migration have created conditions for 
the occurrence and prevalence of infectious dis-
eases, causing the pathogen to spread rapidly in 
the susceptible population. Tropical cyclones also 
have different effects on different types of infec-
tious diseases, which mainly contribute to the 
occurrence of infectious diseases transmitted 
through the digestive tract and contacts.

Zheng et al. examined the impacts of tropical 
cyclones on notifiable infectious diseases in four 
coastal provinces in China from 2005 to 2011. 
They found that tropical cyclones have mixed 

effects on the risk of infectious diseases. For 
example, tropical cyclones are more likely to 
increase the risks of infectious diseases transmit-
ted through intestinal tracts such as bacillary dys-
entery and paratyphoid fever. They are also more 
likely to increase the risks of infectious diseases 
transmitted through contact such as acute hemor-
rhagic conjunctivitis. However, tropical cyclones 
are more likely to decrease the risk of respiratory 
infectious diseases such as measles, mumps, and 
varicella (Table 4.1) [40].

4.3.2.1  Cholera
Tropical cyclone causes water quality deteriora-
tion and drinking water shortage in the affected 
areas. Marine zooplankton is a natural storage of 
Vibrio cholerae. With global warming, the water 
temperature in the coastal and river estuary 
increases, causing a large number of algae to 
propagate and promote the epidemic of cholera. 
Chen et al. found that the average corrected risk 
and the maximum risk (0.4433 and 0.5372) of the 
cholera epidemic were higher after the typhoon 
disaster in Wenzhou, second only to other infec-
tious diarrhea [41].

4.3.2.2  Bacterial Dysentery
The research on the effect of tropical cyclone on 
bacillary dysentery in China is mainly concen-
trated in Guangdong and Zhejiang Provinces, 
which are seriously affected by tropical cyclones, 
but there are regional differences in the results. 
Kang et al. showed that during 2005–2011 in the 
region affected by tropical cyclone in Guangdong 
Province, bacillary dysentery is not a sensitive 
infectious disease associated with the landing of 
tropical cyclones in Guangdong [42]. However, in 
Deng’s study in Zhejiang, both typhoons and trop-
ical storms could contribute to an increase in risk 
of bacillary dysentery and other infectious diar-
rhea in Zhejiang. Tropical cyclone precipitation 
may also be a risk factor for these diseases when it 
reaches 25 mm and 50 mm, respectively [43].

4.3.2.3  Other Infectious Diarrhea
Tropical cyclones can increase the risk of other 
infectious diarrhea in the whole population and 
high-risk groups, but the lag effect may be 
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different. Some studies have found that the risk 
of other infectious diarrhea is the first of six kinds 
of intestinal infectious diseases in Wenzhou after 
the typhoon disaster [41]. Wang et  al. showed 
that tropical cyclones increase the risk of other 
infectious diarrhea, and the largest effect was in 
lag 5d [44]. Deng’s study showed that the maxi-
mum effect of tropical storm and typhoon on 
other infectious diarrhea in Zhejiang Province 
was in lag 6d and 5d, respectively [43].

4.3.2.4  Vector-Borne Infectious 
Diseases

The heavy rainfall accompanied by tropical 
cyclone is easy to cause the inverted sewage and 
the garbage accumulation. The unclean environ-
mental sanitation provides a good breeding 
ground for the mosquitoes. At the same time, 
the crowds and the environmental exposure of 
the population increase after the typhoon, creat-
ing favorable conditions for the spread of the 

Table 4.1 Effects of TCsa on infectious diseases in China, 2005–2011 (total TCs = 675). Reproduced with permission 
from Zheng et al. [40] (https://www.mdpi.com/1660-4601/14/5/494/htm)

Disease

Number of 
TCs 
increasing the 
risk (%)

Number of TCs 
increasing the risk 
with statistical 
significance (%)

Number of 
TCs 
decreasing the 
risk (%)

Number of TCs 
decreasing the 
risk with 
statistical 
significance (%)

Directionb of 
the effect 
and Pc Range of RR

Air transmitted
Influenza 40 (5.93) 8 (1.19) 30 (4.44) 11 (1.63) ↑0.232 0.01–

144.38
Influenza A 
(H1N1)

10 (1.48) 5 (0.74) 8 (1.19) 6 (0.89) ↑0.637 0–10.75

HFMDd 134 (19.85) 26 (3.85) 144 (21.33) 28 (4.15) ↓0.549 0.10–6.73

Measles 18 (2.67) 1 (0.15) 39 (5.78) 4 (0.59) ↓0.005 0.19–3.74

Mumps 84 (12.44) 4 (0.59) 136 (20.15) 21 (3.11) ↓<0.001 0.25–8.17

Rubella 0 (0) 0 (0) 3 (0.44) 2 (0.3) ↓0.083 0.13–0.43

Varicellae 28 (4.15) 2 (0.3) 50 (7.41) 6 (0.89) ↓0.013 0.12–14.24

Water-food transmitted
Bacillary 
dysentery

69 (10.22) 4 (0.59) 36 (5.33) 1 (0.15) ↑0.001 0.47–5.63

Typhoid fever 1 (0.15) 0 (0) 0 (0) 0 (0) ↑0.317 2.38

Paratyphoid 
fever

4 (0.59) 0 (0) 0 (0) 0 (0) ↑0.046 1.04–6.81

Other infectious 
diarrhea

246 (36.44) 26 (3.85) 206 (30.52) 19 (2.81) ↑0.060 0.23–14.33

Hepatitis A 4 (0.59) 0 (0) 3 (0.44) 0 (0) ↑0.705 0.75–2.26

Contact transmitted
Acute 
hemorrhagic 
conjunctivitis

32 (4.74) 22 (3.26) 16 (2.37) 13 (1.93) ↑0.021 0.18–60.00

Mosquito transmitted
Vivax malaria 0 (0) 0 (0) 8 (1.19) 0 (0) ↓0.005 0.47–0.98

Nontypeable 
malaria

2 (0.3) 0 (0) 7 (1.04) 1 (0.15) ↓0.096 0.33–1.38

Dengue fever 4 (0.59) 1 (0.15) 0 (0) 0 (0) ↑0.046 1.11–34.38
aTropical cyclones
b↑, more likely to increase the risk than to decrease the risk; ↓, more likely to decrease the risk than to increase the risk
cThe numbers of TCs that increased the risk of analyzed diseases were compared with the numbers of TCs that decreased 
the risk using χ2 tests
dHand, foot, and mouth disease also transmitted through water-food
eAlso transmitted through contact
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vector- borne infectious diseases. Studies have 
confirmed that vector-borne diseases such as 
malaria and dengue fever are prone to increase 
or even outbreaks after typhoons [40].

4.3.2.5  Hand, Foot, and Mouth Disease
Hand, foot, and mouth disease (HFMD) is infantile 
infectious disease caused by a variety of enterovi-
ruses. It can be transmitted through the respiratory 
tract, digestive tract, and contact. Relatively few 
studies were conducted. Some studies have shown 
that different grades of tropical cyclones have an 
impact on the occurrence of hand, foot, and mouth 
disease, and the effects of tropical cyclones at all 
levels on high-risk groups are higher than those of 
the whole population, and there is a certain lag 
effect [45]. The maximum effects of tropical storm 
and strong tropical storm and above on the risk of 
HFMD among high-risk population aged 0–5 were 
7d and 3d, respectively. The reason may be that the 
landing of tropical cyclone is often accompanied 
by heavy wind and rain and the weather system has 
the characteristics of low pressure, low tempera-
ture, little sunshine, large humidity, and large wind 
speed, which can increase the risk of hand, foot, 
and mouth disease [46].

4.3.2.6  Respiratory Infectious Diseases
Tropical cyclone-related respiratory infectious 
diseases include measles, rubella, mumps, and 
chickenpox. The impact of tropical cyclones on 
mumps is regionally different. Studies have 
shown that there is no significant difference in the 
number of mumps before and after the landing of 
the tropical cyclone during 2006–2010  in the 
landing area of the tropical cyclone in Zhejiang 
Province, but the incidence of mumps in the 
5 weeks after landing is less than before the land-
ing, which may be related to the intensity of the 
typhoon and the concentration of the virus in the 
air diluted [47].

4.3.3  Tropical Cyclones and Other 
Diseases

Studies have shown that the cases of diarrhea, 
gastrointestinal dysfunction, skin infection, and 
insomnia caused by the typhoon Fitow increased 

by 1.24, 1.11, 1.28, and 2.48 times more than 
before the typhoon, which may be associated 
with increased exposure to environmental risk 
factors [48]. The short-term and long-term trau-
matic psychological reactions caused by disaster 
events to the affected population are very serious 
and widespread. Studies in China and other coun-
tries showed that stressful events can cause anxi-
ety, depression, somatization, reactive mental 
symptoms, and other mental disorders [30]. 
Tropical cyclone as a natural disaster can also 
bring serious psychological harm to the victims. 
Post-traumatic stress disorder (PTSD) is a mental 
disorder caused by unusually threatening and 
disastrous psychological trauma, leading to 
delayed occurrence and long-term persistent 
mental disorders. PTSD is the most important 
influence of tropical cyclones on human psycho-
logical and mental health [49, 50]. After months 
of tropical cyclones, PTSD symptoms and other 
mental health problems emerge gradually, and 
the weakening of mental symptoms is based on 
the time and degree of exposure to tropical 
cyclones.

4.4  Health Impacts 
Due to Droughts

4.4.1  Droughts and Infectious 
Diseases

4.4.1.1  Digestive Tract Diseases
In the drought areas, the supply of water resources 
in the arid areas is insufficient, the discharge and 
level of water are reduced, the dilution ability of 
water is reduced [51]. The continuous drought 
makes the proportion of the secondary water sup-
ply and self-contained water supply not in line 
with the standard of drinking water increase, and 
the free residual chlorine, the total number of 
bacteria, and the excess of coliform bacteria in 
the water are higher [52]. Therefore, during the 
drought period, water sources are more likely to 
be contaminated by feces and pathogens, causing 
outbreaks of digestive tract diseases [53].

In the autumn and winter of 1998, due to 
drought and little rain in Dejiang County, six 
wells in the town were in short supply, and there 
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was no public water intake equipment. The pollu-
tion was serious, causing the outbreak and epi-
demic of typhoid fever [54]. Xue et al. studied the 
relationship between drought events and infec-
tious diseases in Shandong Province and screened 
sensitive infectious diseases in drought events. 
They found that the risk of amoebic dysentery, 
rubella, and epidemic encephalitis B (EB) 
increased in drought and its OR value and 95% CI 
were 2.457 (1.609–3.752), 2.206 (1.436–3.388), 
and 1.192 (1.058–1.344), respectively, and the 
corresponding lag period was 3, 0, and 1 months, 
respectively. The risk of bacillary dysentery, 
HFMD (hand, foot, and mouth disease), measles, 
and tsutsugamushi disease decreased after the 
drought (OR < 1), corresponding lag periods were 
2, 2, 0, and 3 months, respectively [55].

Due to the lack of water resources during the 
drought, it is easy to cause pollution of the water 
source, so that the pathogenic microbes of drink-
ing water and living water are propagated in a 
large amount, which leads to the epidemic of 
infectious diseases in the digestive tract. From 
2009 to 2010, there was a severe drought in 
Qiannan, Guizhou Province, and there was a seri-
ous shortage of drinking water. The water sam-
ples of 129 public wells in Dushan County of this 
area were measured by Meng. The results showed 
that the total number of bacteria and coliform in 
most of the wells in Chengguan Town exceeded 
the national standard [56]. Yang also found the 
outbreak of dysentery during the severe drought 
in Xi’an in 1995 [52]. The outbreak of hepatitis A 
occurred in some areas of Xixia County, Henan 
Province, from May to August 2007. Through 
epidemiological investigation, Cao et  al. found 
that the outbreak was caused by the drought, the 
decrease of surface water, the pollution of domes-
tic water, the increase of the content of pathogens 
in the living water, and the poor perception of 
health prevention in the residents [57].

Qu et  al. studied the relationship between 
meteorological factors and infectious diseases in 
the digestive tract and found that the average 
evaporation was positively correlated with the 
incidence of bacillary dysentery and typhoid 
paratyphoid, the average precipitation was nega-
tively correlated with the incidence of bacillary 
dysentery and typhoid fever, and the average 

pressure was negatively correlated with the inci-
dence of bacillary dysentery, viral hepatitis, and 
typhoid fever [58].

4.4.1.2  Other Infectious Diseases
Chen et al. showed that no water and food can be 
found in the field during the severe drought and 
the rodent could migrate to the residential area, 
which makes the density of the indoor rat increase 
and is beneficial to the transmission of hantavirus 
in the rat, causing the outbreak of the hemor-
rhagic fever in the renal syndrome [59].

Epidemic encephalitis B is mainly transmitted 
by mosquito vectors, and its incidence has obvi-
ous peak in summer and autumn. Its epidemic is 
closely related to air temperature and precipita-
tion [60]. Increasing temperature not only accel-
erates the growth and propagation of vector 
insects but also enhances the pathogenicity of 
pathogens in insects. Qu et al. found that the inci-
dence of encephalitis B was positively correlated 
with the average evaporation [61]. However, the 
study by Yang showed that the incidence of 
vector- borne diseases such as encephalitis B, 
hemorrhagic fever, and typhus in Xi’an was 
decreased during the severe drought, which may 
be due to the impact of drought on the living 
environment of media insects [52].

Under the conditions of dry climate, the 
amount of precipitation is less, the amount of 
evaporation is large, and the air is dry. It is not 
only conducive to the spread of infectious dis-
eases but also reduces the resistance of respira-
tory tract mucosa. Shi et  al. found that the 
average pressure of the drought area was nega-
tively correlated with the incidence of epidemic 
meningitis, measles, and pertussis the average 
evaporation was positively correlated with epi-
demic meningitis, measles, and pertussis and the 
average precipitation was negatively correlated 
with the incidence of epidemic meningitis and 
measles [62].

4.4.2  Droughts and Other Diseases

Under drought climate, the incidence of various 
gynecologic diseases may increase significantly. 
Guo et  al. studied the relationship between 
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gynecopathy and annual precipitation in 
Qingyang County of Gansu Province from 1991 
to 2000. The results showed that the incidences 
of simple vaginitis, trichomonas vaginitis, cer-
vical cancer, cervical erosion, cervical polyps, 
uterine myoma, ovarian cysts, adnexitis, pelvic 
inflammation, prolapse of uterus, etc. were high 
in drought year or the next year [63]. Studies on 
the effects of drought on other reproductive sys-
tem diseases are still lacking.

Wu et  al. studied the correlation between 
annual mean precipitation, annual average evapo-
ration and desiccation, and esophageal cancer 
mortality from 1961 to 1990 in mainland China. 
The results showed that the region with high mor-
tality of esophageal cancer is the same as the 
region with high dryness, and correlation and 
regression analysis also showed that annual aver-
age precipitation is negatively related to the mor-
tality of esophageal cancer. There was a positive 
correlation between the degree of dryness and the 
mortality of esophageal cancer [64]. At present, 
there are few studies on drought in cancer, and 
subsequent studies need to prove whether drought 
has an impact on other types of cancer.

Wupuer et al. investigated the early renal dam-
age in the Taklamakan “desert people” in 
Xinjiang. The study found that the detection rate 
of microalbuminuria in this population was 
10.5% and the detection rate of renal dysfunction 
was 3.88%, which was obviously higher than that 
in the nondesert areas, which may be related to 
the extreme drought and heat in this area [65].

Drought events are also associated with respi-
ratory diseases. Liu et al. studied the relationship 
between asthma attacks and the meteorological 
factors in 445 children in Qingdao from 2000 to 
2004. The results showed that the asthma attack 
in children was positively related to the pressure 
of the air and was negatively related to the tem-
perature and humidity [66].

Zhou et al. studied the effects of drought and 
water shortage on the health of rural schools and 
primary school students in five rural primary 
schools in Gansu Province. They found that in 
the water-deficient schools, the main water 
source was collecting precipitation in cellar; 
because of the limitation of precipitation water, 

water supply could not meet the requirements of 
the school, and extra expenses were used to buy 
water; water supply per capita was low; the 
schools lacked basic sanitation facilities; due to 
poor sanitation, long storage time, irregular dis-
infection, or no disinfection, water in cellars was 
easily contaminated by surface debris and feces, 
leading to the cellar water quality unqualified, the 
water turbidity, oxygen consumption, and micro-
bial indicators to exceed standard; most students 
brought their own drinking water to school; stu-
dents in water-deficient schools drank less water, 
and many students did not drink water during 
school or often drank raw water; lack of water 
has a more obvious effect on male students, lead-
ing to poor physical development; as the study 
county is a water shortage area, the overall eco-
nomic and health conditions are poor, and the 
growth and development level of primary school 
students lags behind the national average; school 
children were more likely to develop blepharo-
conjunctival lesions, dental caries, parasitic 
infections, and skin disorders; and students who 
did not drink water in school had high prevalence 
of eye and mouth diseases and low accuracy of 
hygienic behaviors [67].

4.5  Summary

To sum up, extreme weather events affect multi-
ple human systems. With the global climate 
change, the frequency and intensity of extreme 
weather events such as heat waves, rainstorms, 
floods, and droughts have increased and will con-
tinue to increase. Although many literatures have 
studied the health effects of extreme weather 
events, there are still many problems to be solved:

 1. Existing studies are based on a single city or a 
small number of cities or limited to individual 
diseases, and there is a lack of large-scale 
studies in China to analyze the effects of 
extreme weather events on the occurrence of 
infectious and chronic noncommunicable dis-
eases at the national level.

 2. The health effects of extreme weather events 
are affected by a variety of factors, resulting in 
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differences in gender, age, and region; thus 
there is a need to screen sensitive diseases in 
different regions and vulnerable populations 
of different diseases.

 3. There are few studies on the mechanism of 
extreme weather events affecting health. At 
present, most studies use cross-sectional and 
case-control methods. There may be a variety 
of extreme weather events at the same time, 
and there are many confounding factors. 
Therefore, subsequent research needs to com-
bine field research with laboratory research, 
and the interference of other meteorological 
factors should be excluded in order to increase 
the strength of the argument.

 4. At present, there are not many researches on 
extreme weather events and human health in 
China. Therefore, good baseline data need to 
be collected in order to better study the impact 
of extreme weather events in China.

 5. Research on adaptation to extreme weather 
events is still relatively rare. The adaptability 
of different regions and different populations 
in dealing with extreme weather events is dif-
ferent, so it is necessary to adapt to local con-
ditions, to study the adaptation mechanism of 
sensitive diseases, and to formulate strategies 
and measures for the adaptation of govern-
ment, community, and individuals to extreme 
weather events.
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Abstract
Infectious diseases are a group of diseases 
which have complex transmission ways and 
various influencing factors. Clarifying the cor-
relation between ambient temperature and 
major infectious diseases in China is a crucial 
step toward the successful control of infec-
tious diseases including vector-borne diseases, 
water-borne diseases, food-borne diseases, 
respiratory infectious diseases, etc. and the 

implementations of climate change adaption 
strategy and measures in China. However, no 
study has systematically reviewed the avail-
able evidences on the impact of ambient tem-
perature on the incidence of major infectious 
diseases, and such information is essential for 
policymakers and stakeholders to take specific 
actions to control infectious diseases and pro-
tect the vulnerable population in the future. In 
order to fill this gap, we systematically review 
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the current evidence for the effect of ambient 
temperature on major infectious diseases in 
China. The findings could provide explicit 
information for the scientific prevention and 
control of infectious diseases in China.

Keywords
Ambient temperature · Climate change · 
Infectious diseases · China

5.1  Introduction

Infectious diseases continue to be the major 
health threats in most regions globally. As one 
type of important infectious diseases, vector- 
borne diseases (VBDs) are expected to affect 
about 80% of the world’s population. According 
to WHO’s report, 17% of the global burden of 
communicable diseases was due to vector-borne 
diseases.

In China, 10 of the 39 notifiable infectious dis-
eases are vector-borne diseases. Great achieve-
ments have been made  in the control of 
infectious diseases in the past decades, and five 
notifiable infectious diseases were eradicated or 
nearly eradicated at present, including polio, fila-
riasis, severe acute respiratory syndrome (SARS), 
plague, and diphtheria [1]. The incidences of 
some notifiable infectious diseases were reduced, 
including cholera, hepatitis A, bacterial dysen-
tery, amoebic dysentery, typhoid, paratyphoid, 
gonorrhea, pertussis, epidemic cerebrospinal 
meningitis, epidemic hemorrhagic fever, rabies, 
leptospirosis, anthrax, typhus, encephalitis, 
malaria, tuberculosis, and tetanus. By contrast, 
an increasing trend was observed for 11 notifi-
able infectious diseases, including human immu-
nodeficiency virus (HIV), brucellosis, hepatitis 
C, hepatitis E, syphilis, scarlet fever, dengue, 
influenza, infectious diarrhea, hydatid disease, 
leishmaniasis, and schistosomiasis.

Among these diseases, dengue fever (DF), 
malaria, hemorrhagic fever with renal syndrome 
(HFRS), plague, and severe fever with thrombo-
cytopenia syndrome (SFTS) were the most 
prevalent vector-borne diseases in China. 

According to literature review, these diseases 
mentioned above are all sensitive to the varia-
tions of meteorological factors, especially for 
ambient temperature [2, 3]. Water-borne dis-
eases are conditions caused by pathogenic 
microorganisms that are transmitted in water. 
The infection would occur when people ingested 
contaminated water or contacted with infected 
water containing various forms of intestinal 
pathogens during bathing or swimming. As a 
type of old diseases, the occurrence of schisto-
somiasis and its vector could also be impacted 
by ambient temperature [4]. At present, the epi-
demic of hand-foot-mouth disease (HFMD) is 
very serious in China, and it is believed that heat 
could facilitate the spread of HFMD [5]. 
Regarding respiratory infectious diseases, influ-
enza is surely a representative infectious dis-
eases sensitive to ambient temperature in China 
[6]. Therefore, to better understand the relation-
ship between meteorological factors and infec-
tious diseases in China, it is essential to carry 
out prediction and projection of important infec-
tious diseases under the context of climate 
change which will be of great significance to the 
prevention and control of infectious diseases in 
future.

However, little information was available 
regarding the effect of ambient temperature on 
infectious diseases in China. In this chapter, we 
extensively reviewed the available evidence on 
the effect of ambient temperature on major infec-
tious diseases in China, in order to make up this 
gap, and provide scientific guidance for policy-
makers to implement corresponding actions to 
reduce the incidence of major infectious 
diseases.

5.2  Ambient Temperature 
and Vector-Borne Diseases

5.2.1  Ambient Temperature 
and Mosquito-Borne Diseases

In this chapter, some representative mosquito- 
borne diseases with the biggest diseases burden 
or public health significance were selected. 
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Literatures concerning these themes are reviewed 
to clarify the relationship between ambient tem-
perature and mosquito-borne diseases.

5.2.1.1  Dengue
DF is the most rapidly spreading mosquito-borne 
viral disease, showing a 30-fold increase in 
global incidence over the past 50  years. Three 
quarters of the population exposed to dengue are 
in the Asia-Pacific region. Since the first recorded 
outbreak of dengue in Foshan, Guangdong, in 
1978, DF occurs frequently in southern China 
and becomes a major public health threat in 
China [7]. In 2017, 5893 DF cases occurred in 
China with two of these dead. In recent years, 
indigenous cases of DF occurred in Yunnan, 
Guangxi, Guangdong, Hainan, Fujian, Zhejiang, 
Anhui, Shanghai, Henan, and Shandong, while 
imported cases happened in all provinces except 
for Tianjin and Tibet in 2017. In China, the prin-
cipal vectors for DF, including Aedes aegypti and 
Ae. albopictus, are all sensitive to climate. Ae. 
albopictus is the most important mosquito in DF 
transmission in Guangdong and Zhejiang, while 
Ae. aegypti is the major DF vector in Yunnan.

The means by which ambient temperature 
affects DF are via the following bioecological 
aspects: dengue virus, Aedes mosquitoes, human 
population, and its transmission environment [2]. 
The ambient temperature could not only impact 
the reproductive of dengue virus in Aedes mos-
quitoes but also the distribution of Aedes mosqui-
toes. In China, regarding the impact of ambient 
temperature on dengue vector distribution, Wu 
et  al. found that Ae. albopictus have expanded 
their geographic range to areas with an annual 
mean temperature below 11  °C and a January 
mean temperature below −5 °C using CLIMEX 
model [8]. Temperature plays an important role 
in vector competence. Liu et al. found that tem-
perature increase enhances the competence of Ae. 
albopictus to transmit dengue virus [9]. Most 
studies in China believed that temperature can 
drive dengue transmission [10, 11], showing a 
nonlinear effect [11, 12]. Among those studies, 
different models are employed such as general-
ized additive model (GAM), autoregressive inte-
grated moving average (ARIMAX) model, 

ecologically based model, etc. In recent years, 
most studies were carried out in Guangdong and 
Yunnan provinces considering the higher fre-
quency of DF outbreak. Local DF cases were 
positively associated with temperature with dif-
ferent time lags in Guangzhou [13]. The mini-
mum temperature at a lag of 1  month was 
positively associated with dengue incidence in 
Guangzhou [14]. The mean and minimum tem-
peratures were positively associated with 
increased DF risk, while the maximum tempera-
ture was negatively associated with DF transmis-
sion [15]. Xiang et  al. demonstrated that a 
reversed U-shaped nonlinear association was 
found between ambient temperature and DF in 
Guangzhou. The optimal maximum temperature 
(Tmax) range for dengue transmission was 21.6–
32.9 °C and 11.2–23.7 °C for minimum tempera-
ture (Tmin) [16].

In Guangzhou, a negative binomial regression 
model was adopted, and the results showed that 
average temperature (Tave) and previous month’s 
minimum temperature (Tmin) were positively 
associated with DF incidence. A threshold of 
18.25 °C was found in the relationship between 
the current month’s Tmin and DF incidence [17].

Regarding the comparative studies of the 
influence of ambient temperature on DF in the 
domestic and abroad, the current studies in China 
mainly focus on the influence of ambient tem-
perature on the distribution and spread of DF and 
its vectors via the application of different models. 
And this is consistent with the international 
researches. However, at present, very little infor-
mation is available regarding the impact mecha-
nism of the ambient temperature on dengue virus, 
vectors, and ultimately dengue transmission 
mechanism, and limited literatures could be 
found regarding the impact of social and eco-
nomic factors on DF, and these field should be 
the focus in future study.

5.2.1.2  Malaria
As a representative vector-borne disease, malaria 
is due to parasites of the genus Plasmodium and 
transmitted by four species of female Anopheles 
mosquitoes in China, including An. sinensis, An. 
lesteri, An. minimus, and An. dirus, respectively. 
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Despite dramatical reductions in the incidence of 
malaria observed at present, imported cases still 
constitute a threat to the malaria elimination 
commitment of the Chinese government to 
WHO.

Most studies found that temperature was a fun-
damental meteorological factor related to malaria 
incidence in China [18]. Extreme high tempera-
ture restricts the development of mosquitoes and 
reduces the transmission of malaria since higher 
temperature increases mosquito growth, virus 
replication, and biting frequency of vectors. 
Generally speaking, temperatures lower than 
16 °C or higher than 30 °C are not conductive to 
mosquitoes development [19]. Daily variations on 
temperature could impact necessary mosquito and 
parasite characteristics that help to malaria trans-
mission intensity [20]. In Jinan, maximum tem-
perature with a 1  °C rise may be relevant to a 
7.7–12.7% increase in malaria cases, while mini-
mum temperature with a 1 °C rise might lead to 
about 11.8–12.7% increase in malaria cases [21]. 
Li et al. reported that each 1 °C rise in temperature 
amounts to an increase of 0.90% in the monthly 
malaria cases in Guangzhou [3]. However, the 
correlation between temperature indexes and inci-
dence of malaria may not be throughout the year. 
Tian et al. found an increased risk of transmission 
due to a high temperature in warmer winters [22]. 
The effect of ambient temperature concerning 
malaria frequently leads to a lag-time effect 
because of the life cycle of Anopheles and the 
parasite [23]. Zhou et  al. revealed that a 75.3% 
variation on monthly malaria incidence was 
related to the average temperature in last 2 months 
in central China [18]. In four counties of Yunnan, 
an increasing temperature resulted in increased 
malaria risk the varied lag periods for these asso-
ciations [24].

Almost all studies mentioned above identified 
an association between ambient temperature 
indicators and transmission of malaria in differ-
ent sites and periods lag in China. This is coher-
ent to the similar studies abroad. However, very 
few studies focus on the impact mechanism of 
the ambient temperature on malaria parasites, 
vectors, and its transmission.

5.2.2  Rodent-Borne Diseases

5.2.2.1  Ambient Temperature 
and Plague

Plague, caused by Yersinia pestis, is one of the 
most devastating infectious diseases in human 
history. The three plague pandemics have caused 
numerous deaths worldwide and changed human 
civilization [25, 26]. In China, plague is belong-
ing to category A of 39 notifiable infectious dis-
eases and once constituted a great burden during 
the initial stage of new China. At present, the dis-
ease was well controlled, and the incidence of 
plague keeps very low level.

Climate affects the plague intensity through 
its effect on maintenance and replication of the 
pathogen, host, and vector populations by affect-
ing temperature and precipitation in some stud-
ies [27–29]. Suitable climate could increase the 
reproductive rate of pathogenic microbes [30] 
and contribute to form stable plague foci [31]. 
Rodent populations and flea survival respond 
rapidly to climate variations [30]. Epizootics are 
likely to occur when rodent and flea number 
excess a certain threshold [32–34]. The high 
abundance of rodents and fleas would also 
increase the human plague risk [35]. Temperature 
seems to determine the distribution of Yersinia 
pestis. Nearly 95% of human plague occur in 
regions with an average annual temperature 
greater than 13  °C, and most large plague out-
breaks occur within areas with an annual tem-
perature of 24–27  °C [36]. Additionally, 
outbreaks of historical plague pandemics also 
seemed to be driven by climate change. The 
introduction of the Black Death is associated 
with climate fluctuations in Central Asia, with an 
approximate delay of 15 years [37]. The above- 
normal warmer and wetter climate during 1855 
and 1870 may be responsible for extensive 
plague outbreaks in China during the Third 
Pandemic [36]. The associations between cli-
mate and plague can vary by regions [38, 39].

Regarding the comparative studies, most 
studies have focused on the individual effect of 
precipitation or temperature, or the mixed effect 
of two climate variables. As for the high tem-
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perature, plague would increase under this con-
dition in western United States [38, 40]. In 
Arizona and New Mexico, plague would increase 
if the number of days above a certain tempera-
ture threshold increased, with 80  °F for New 
Mexico and 85 °F for Arizona, respectively [38]. 
However, the transmission between fleas and 
mammalian hosts was significantly reduced 
when temperature excess 27.5  °C [41]. The 
mixed effect of precipitation and temperature 
also revealed a regional difference. Yersinia pes-
tis prevalence was shown to increase with 
warmer springs and wetter summers in gerbils in 
Kazakhstan [42]. Similarly, the rodent and flea 
densities, as well as the presence of plague in 
Mongolian gerbils, are positively correlated with 
the precipitation and temperature in China [43]. 
High risk of human plague tends to follow the 
plague outbreaks in hosts [33]. However, an 
increased plague incidence can be expected in 
Vietnam during the hot, dry seasons [41]. 
Besides, plague outbreaks in preindustrial period 
were more frequent in cold and arid climate in 
Europe [44]. Plague is also associated with 
large-scale weather events [28]. El Nino 
Southern Oscillation (ENSO) and the Pacific 
Decadal Oscillation (PDO) are related to pre-
cipitation and temperature which could in turn 
affect plague dynamics [45, 46]. The increasing 
rate of human plague was closely associated 
with Southern Oscillation Index (SOI) and Sea 
Surface Temperature of east Pacific equator 
(SST) in China. Ari et al. found PDO explained 
much of the human plague variation in western 
United States. However, as the association 
between large-scale climate and plague was non-
stationary and nonlinear in Madagascar and 
Europe [45, 47], we should pay more attention to 
the scale of the climate and the complexity of the 
interaction in the ecosystem when analyzing 
large-scale climate and plague systems.

5.2.2.2  Ambient Temperature 
and HFRS

HFRS caused by the Hanta virus and results in 
about 200,000 hospitalized cases yearly. It is 
generally thought that ambient temperature is 

one of the most key meteorological factors 
exerting the impact of endemic intensity of 
HFRS [48], because warm temperature is in 
ideal condition for the growth of crops and 
increase of rodent. Furthermore, it is probably 
that surface air temperature can increase more 
obviously in winter and spring than in other sea-
sons, particularly in the northern China [49]. As 
the temperature increases, areas with relatively 
lower temperature could become beneficial to 
rodent breeding then extend the breeding sea-
sons, which have a potential impact on the num-
ber, scale, and emergence of new natural foci of 
HFRS.  In China, most studies showed that 
HFRS is sensitive to ambient temperature. 
Temperatures from 10 to 25 °C are most benefi-
cial to rodent growth, and breeding rates for 
both A. agrarius and R. norvegicus would 
decrease when temperatures were out of this 
range [48]. Temperature of 17 °C as a threshold 
was identified in a study, below which there was 
a positive association, while above the threshold 
there was an inverse association [50]. Likewise, 
it is reported that the highest incidence of HFRS 
is with temperatures about 17.5  °C [51]. 
Temperature above 23.7  °C and below 6  °C 
revealed positive effects on the HFRS incidence 
of 3  months later; in contrast, temperature 
between 6.0 °C to 23.7 °C was negative with the 
incidence of HFRS [52].

However, it is difficult to compare findings 
across different studies given the range of met-
rics and methodologies used. A recent compre-
hensive review suggested that many studies that 
quantified HFRS-ambient temperature associa-
tions have drawn different conclusions (either 
positive [53–59] or negative [49, 60, 61]), pos-
sibly because of the use of different statistical 
methods and climate characteristics of the study 
regions. Variables from different studies 
included mean, minimum, maximum ambient 
temperature and land surface temperature. Land 
surface temperature mainly impacts the distri-
bution and abundance of populations of A. 
agrarius [62], while ambient temperature 
mainly affects the behavior of rodent and 
human.
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5.2.3  Tick-Borne Diseases

SFTS is an emerging infectious disease which 
was firstly identified in 2009. Although SFTS is 
considered to be transmitted by air or direct con-
tact with secretion or blood of SFTS patients, the 
current evidences reveal that the majority of 
SFTS cases were infected via tick bites. The 
majority of cases were happened from April to 
October. Meteorological factors may exert some 
impact on ecology of SFTSV directly or indi-
rectly by affecting tick in itself, tick-human inter-
actions, and virus replication.

Table 5.1 listed the related studies of climatic 
factors and SFTS in China. Sun et al. conducted 
an analysis concerning ambient temperature and 
SFTS in 21 counties in Henan and Hubei via dis-
tributed lag nonlinear models (DLNMs). They 
reported that the effects of temperature on inci-
dence of SFTS were nonlinear, with larger rela-
tive risk (RR) at the higher temperature on lag 0. 
The high temperatures had acute and short-term 
effects, while the effects in low-temperature 
ranges were persistent over longer lag periods. 
Higher temperatures such as 23.97  °C and 
29.30 °C had the maximum RR for SFTS cases 
on the current week, which decreased quickly in 
the next weeks. Low temperatures including 
1.62 °C and 6.97 °C had the minimum RR on the 
current week and had the maximum RR at lag 
13  weeks, which decreased slowly in the next 

weeks. The effects of lower temperatures could 
last 24 weeks, but the effect of 29.30 °C was not 
significant at lag 8 weeks [63].

A negative binomial regression model (NBM) 
established by Sun et al. revealed that the occur-
rence of SFTS would increase by 25.68% and 
10.31%, respectively, if monthly maximum tem-
perature and mean relative humidity increase one 
unit [64]. Du et al. studied geographic distribu-
tion and related factors of SFTS and found that 
temperature is one of the key environmental fac-
tors affecting the occurrence of SFTS [65]. 
Similarity, cattle density, rain-fed cropland, built-
 up land, temperature, and relative humidity were 
independent risk factors for the distribution of 
SFTS [66]. The risk of SFTS increased when 
reached a threshold with monthly average tem-
perature higher than 19.65 °C, or monthly aver-
age relative humidity higher than 74.5%, or (95% 
CI) were 12.889 (2.307, 72.016) and 13.417 
(3.042, 59.171), respectively [67].

5.3  Ambient Temperature 
and Water-Borne Diseases

Schistosomiasis, caused by a trematode worms 
belonging to the genus Schistosoma [68], is a 
kind of water-borne diseases, bringing a heavy 
burden on the residents of the endemic areas [69]. 
The parasite species which can infect human 

Table 5.1 Summary of included studies on ambient temperature and SFTS in China

Source Location Time period Key findings
Sun et al. [64] Henan, Hubei 2011–2015 A nonlinear effect existed between weekly temperature 

and SFTS. The exposure- response curve was a reversed 
U-shape

Sun et al. [64] Henan, Hubei 2011–2015 Temperature and relative humidity were significantly 
correlate to the occurrence of SFTS

Du et al. [65] Shandong 2010–2013 Temperature, precipitation, land cover, normalized 
difference vegetation index (NDVI), and duration of 
sunshine were the key environmental factors affecting 
SFTS occurrence

Wang et al. [66] Hubei 2011–2016 Temperature, relative humidity, cattle density, rain-fed 
cropland, and built-up land were independent risk 
factors for the distribution of SFTS

Zhai et al. [67] Zhejiang 2011–2014 Monthly average temperature, atmospheric pressure, and 
relative humidity were associated with incidence of 
SFTS
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include Schistosomiasis haematobium, 
Schistosomiasis japonicum, Schistosomiasis 
mansoni, Schistosomiasis intercalatum, 
Schistosomiasis mekongi, and Schistosomiasis 
malayensis [70]. Schistosomiasis japonica that 
caused by S. japonicum is widely spread in China 
since 2000, particularly in areas along the Yangtze 
River and further south [71]. Oncomelania 
hupensis, the sole intermediate host of S. japoni-
cum, plays an important role in the transmission 
of S. japonicum in China and correlates closely 
with the distribution of this disease [72, 73]. S. 
japonicum completes its life cycle through a sex-
ual generation in the vascular system of the defin-
itive host (i.e., mammals) and an asexual 
generation in O. hupensis.

Ambient temperature is an important ecologi-
cal factor for growth and development of S. 
japonicum and the presence of O. hupensis, 
which can influence the prevalence and distribu-
tion of schistosomiasis in China [74–79]. In the 
process of transmission of schistosomiasis, ambi-
ent temperature plays a vital role in the biological 
activity of O. hupensis and the development of S. 
japonicum within the intermediate host. The opti-
mal temperature range for miracidia infecting O. 
hupensis is between 10 °C and 20 °C. There is no 
significance in infection rates when temperature 
ranges between 21 °C and 31 °C and low infec-
tion rates under 10  °C. However, miracidia can 
never infect O. hupensis when temperature drops 
to 3.2 °C [4, 80]. After the invasion, S. japonicum 
arrested their development in snails when tem-
perature was kept at about 15.3  °C or above 
37 °C, while the optimum development occurred 
at 25 °C–30 °C, which means within a tempera-
ture range of 15.3 °C–30 °C, the higher the tem-
perature is, the shorter the pre-patent period of S. 
japonicum within O. hupensis will be [79, 81]. 
Temperature could also influence the cercaria 
effusion, where 25  °C–30  °C were the optimal 
range [82]. The optimal temperature for O. 
hupensis ranges between 20 °C and 25 °C, which 
means any temperature out of this range would 
result in delayed or arrested development and 
reproduction of O. hupensis [74, 83, 84]. 
Physiological functions of O. hupensis declines 
as environmental temperature drops [74]. When 

the temperature drops to 5.8 °C–6.4 °C, half of 
the snails were in hibernation (ET50) [79, 81]. In 
Yunnan, it is concluded that the optimal LST for 
O. hupensis was ≥22.7 °C after considering land 
surface temperature (LST) as the most suitable 
environmental factor for snail habitat prediction 
[85]. In Dongting Lake Region, the mean snail 
density increased gradually when the tempera-
ture was between 24.30 and 25.70  °C, while 
mean snail density decreased gradually when the 
temperature was from 24.15 to 22.40  °C in the 
GWR (Geographically Weighted Regression) 
model. A possible suitable range of temperature 
was from 22.73 to 24.23 °C estimated by inter- 
quartile range in high-high clustered areas. [86]. 
The accumulated degree-days (ADD) are consid-
ered to be similar to growing degree-days (GDD), 
which both reflects the heat accumulation during 
the development of the organism. It was esti-
mated that the mean ADD for the development of 
S. japonicum in its intermediate host snail was 
842.9–852.6 degree-days, and the same index for 
the development of a generation of O. hupensis 
was 3846.3 degree-days [79, 87]. Several studies 
conducted in Yunnan, Jiangxi, Anhui, and Hunan 
have drawn the similar conclusion that the mean 
LST, the median night-time LST, the maximum 
LST at daytime, the maximum and minimum 
LST at night, and average temperature in June 
were positively associated with the prevalence of 
S. japonicum, which showed the importance of 
LST [5, 88–93]. From another perspective, a 
spatio- temporal kriging model suggested sea-
sonal variation of LST at daytime were nega-
tively associated with the risk of schistosomiasis 
[94], for the possible reason that large seasonal 
temperature differences would impede the devel-
opment of S. japonicum [79]. The January tem-
perature is a significant determinant to the 
distribution of schistosomiasis. When the January 
mean minimum temperature is below −4 °C or 
the annual extreme low temperature drops under 
−7.6 °C, it is not suitable for O. hupensis to sur-
vive, which is the main reason that restricts trans-
mission of S. japonicum shifting toward to north 
[79, 95]. However, the northern limit of the schis-
tosome- endemic zone has shifted due to climate 
change. Yang et al. [96] found that the distribu-
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tion limits of O. hupensis have shifted from 
33°15’N to 33°41’N due to an increase of 0.96 °C 
of January temperature in the past 30  years. In 
other words, the potential transmission area have 
expanded by more than 40,000  km2, which 
resulted in an additional 20.7  million people at 
risk of schistosomiasis [90]. The average mini-
mum temperature in January and in winter had 
predominant influence on Oncomelania density 
and frame occurrence rate of living Oncomelania, 
respectively. The variation of average minimum 
temperature in January by 1 °C would lead to the 
change of Oncomelania density by 5.08–6.71%. 
The variation of average minimum temperature 
in winter by 1  °C would lead to the change of 
frame occurrence rate by 15.521–15.928% [97]. 
What’s more, O. hupensis can only exist in areas 
with an annual mean temperature of 16–20  °C 
[98]. Yang et  al. found that the lowest air tem-
perature in a year was one of the factors that sig-
nificantly affect the occurrence of snails in 
Hunan, China. When the lowest air temperature 
in a year ranges from −2.88 to −2.10  °C, the 
snails could exist, while no snail can survive 
when the range was between −2.88 and − 2.34 °C 
[99]. A predictive model based on distribution of 
schistosomiasis in eastern China has been con-
structed to estimate the probability that schisto-
somiasis occurs in a target area, which showed a 
mean temperature of coldest quarter was of sig-
nificance in model [100]. However, air tempera-
ture is less suitable for predicting snail density 
compared to soil temperature [101].

Having realized the ambient temperature is 
one of the most principal elements affecting dis-
tribution and transmission of schistosomiasis, 
researchers in China focused on related studies 
from different perspectives. Generally, the con-
clusions that we had drawn are in line with those 
of other countries, while the subtle difference is 
probably due to geographic variation of the tem-
perature. Though large number of studies that 
involving different temperature-related vari-
ables have been conducted, the question that 
which one is the most closely related to the 
schistosomiasis is still unknown. In addition, 
widespread use of GIS/RS promotes the multi-
scale studies in China, but there is not many 

studies carried out on national level yet where 
the trend of temperature variation is more sta-
ble. That’s the direction we should focus on in 
future.

5.4  Ambient Temperature 
and Intestinal Infectious 
Diseases

Hand-foot-mouth disease (HFMD) is an infec-
tious disease of infants and children [102] caused 
by viruses from the group called enteroviruses. 
According to WHO’s report, outbreaks of HFMD 
occur every few years in different parts of the 
world, but in recent years these have occurred 
more in Asia. Countries with recent large 
increases in the number of reported HFMD cases 
in Asia include China, Japan, Hong Kong 
(China), Republic of Korea, Malaysia, Singapore, 
Thailand, and Vietnam. In China, HFMD is one 
of the most common infectious diseases [103]. It 
tends to occur in outbreaks during spring, sum-
mer, and autumn seasons. There has been a sub-
stantial increase of HFMD in many parts of the 
country in recent years [104].

Most of literatures reported that HFMD is a 
climate-sensitive disease, and it positively corre-
lates with temperature with some days lag. A 
study in Beijing revealed that mean temperature 
was positively associated with HFMD [102]. In 
Jiangsu, average temperature was positively cor-
related to HFMD incidence, while low tempera-
ture or high temperature was negatively related 
[105]. In Zhengzhou, average atmospheric tem-
perature with 2 or 3 weeks lagged were identified 
as significant predictors for the number of HFMD 
and the pathogens [106]. Using meta-analysis, 
Cheng et  al. analyzed the relationship between 
ambient temperature and HFMD in East and 
Southeast Asia and found that ambient tempera-
ture could increase the incidence of HFMD in 
Asia-Pacific regions. It was revealed that 1  °C 
increase in the temperature was significantly cor-
related to the increasing of the incidence of 
HFMD [107]. As to the specific threshold, when 
the temperature was above 24.85 °C and the rela-
tive humidity was between 80.59 and 82.55%, 
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the RR of HFMD was 3.49 relative to monthly 
average incidence [108].

Regarding the relationship between HFMD 
and ambient temperature, most studies in other 
countries focus on the temperature threshold for 
the risk of HFMD and the quantitative relation-
ship between temperature increase and 
HFMD. And this is consistent to China’s study. 
In Japan, Sumi A revealed that the average tem-
perature data indicated a lower threshold at 12 °C 
and a higher threshold at 30 °C for risk of HFMD 
infection. Maximum and minimum temperature 
data indicated a lower threshold at 6  °C and a 
higher threshold at 35 °C [109], and the threshold 
is higher than that in Du et al.’s study in China in 
2016. In South Korea, at an average temperature 
below 18 °C, the HFMD rate increased by 10.3% 
for every 1 °C rise in average temperature (95% 
confidence interval (CI), 8.4, 12.3%) [110]. In 
Vietnam, a 1 °C increase in average temperature 
was associated with 5.6% increase in HFMD rate 
at lag 5 days (95% CI 0.3–10.9) [111]. However, 
very little information is available regarding the 
relationship between HFMD and socioeconomic 
factors and demographic features. Therefore, 
more studies are needed to clarify the relation-
ship between ambient temperature and incidence 
of HFMD in various settings with distinct cli-
mate, socioeconomic, and demographic features.

5.5  Ambient Temperature 
and Respiratory Infectious 
Diseases

Respiratory infectious diseases are a group of 
commonly and frequently occurring diseases, the 
lesion mainly in the trachea, bronchus, lungs, and 
thoracic cavity. Climatic conditions may have 
affected the incidence of respiratory infectious 
diseases. Influenza, commonly known as “the 
flu,” is a representative respiratory infectious dis-
ease caused by some influenza virus. Regarding 
the virus classification, influenza viruses belong 
to RNA viruses that include three of the five gen-
era of the family Orthomyxoviridae, that is, influ-
enza A virus, influenza B virus, and influenza C 
virus. A fourth family of influenza viruses has 

been proposed  – influenza D.  The type species 
for this family is bovine influenza D virus which 
was first isolated in 2012. The influenza A virus 
can be subdivided into some serotypes on the 
basis of the antibody response to these viruses. 
The serotypes confirmed in humans and ordered 
by the number of known human pandemic deaths 
include H1N1, H2N2, H3N2, H5N1, H7N7, 
H1N2, H9N2, H7N2, H7N3, H10N7, H7N9, and 
H6N1, respectively.

Climate change may alter the incidence and 
severity of respiratory infections by affecting 
vectors and host immune responses [112]. Most 
literatures revealed that influenza is a climate- 
sensitive disease [113]. Climate change may 
affect the distribution and migration of the host of 
influenza virus and will eventually affect the 
transmission cycle, prevalence, and intensity of 
influenza. Most of studies revealed that ambient 
temperature was correlated to influenza risks 
with possible nonlinear, interactive, and lagged 
effects [114]. In China, the majority of studies 
focus on the influenza A virus, and studying the 
relationship between ambient temperature and 
H1N1, H7N9, few studies focus on avian influ-
enza virus (AIV) and influenza B virus. Lower 
temperature was the climatic factor facilitating 
local transmission of 2009 pandemic influenza A 
(H1N1) in mainland China after correction for 
the effects of school summer vacation and public 
holidays, as well as population density and the 
density of medical facilities [115]. In Changsha, 
the sensitive climatic factors did have a “driving 
effect” on the incidence of influenza A (H1N1). 
In the initial stage of the disease, a 6-day lag was 
found between the incidence and the daily mini-
mum temperature. In the peak period of the dis-
ease, the daily minimum temperature was 
negatively relevant to the incidence [116].

The outbreak of human infections with an 
emerging avian influenza A (H7N9) virus 
occurred in China in early 2013. A boosted 
regression tree (BRT) models revealed that tem-
perature significantly contributed to the occur-
rence of human infection with H7N9 virus [117, 
118]. In Shanghai, H7N9 incidence rate was 
significantly associated with fortnightly mean 
temperature (relative risk (RR), 1.54; 95% cred-
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ible interval (CI), 1.22–1.94) [119]. Mean 
monthly temperature was significantly associ-
ated with the occurrence of human H7N9 infec-
tion [120]. Zhang et  al. found that both daily 
minimum and daily maximum temperature con-
tributed significantly to human infection with 
the influenza A H7N9 virus [121]. Models 
incorporating the nonlinear effect of minimum 
or maximum temperature on day 13 prior to dis-
ease onset were considered to have the best pre-
dictive effect. Liu et  al. investigate the 
independent and interactive effects of ambient 
temperature (TM) and absolute humidity (AH) 
on H7N9 risks in China. Significantly nonlinear 
negative associations of TM and VP with H7N9 
risks were observed in all cases, and in cases 
from northern and southern regions. Different 
risky windows of H7N9 infection exist in the 
northern (TM, 0–18 °C; VP, 313 mb) and south-
ern areas (TM, 7–21  °C; VP, 3–17  mb) [122]. 
Temperature was correlated to the avian influ-
enza virus (AIV) invasion in the destination to 
some degree [123]. Since the end of 2003, 
highly pathogenic avian influenza viruses 
(HPAI) H5N1 have caused lots of outbreaks in 
poultries and wild birds from East Asia and have 
spread to at least 48 countries. Liu et al. devel-
oped a new climatic approach for early predict-
ing future HPAI outbreaks and preventing 
pandemic disasters. The results demonstrate a 
temperature drop shortly before these outbreaks 
in birds in each of the Eurasian regions stricken 
in 2005 and 2006. Dust storms, like those that 
struck near China’s Lake Qinghai around May 
4, 2005, exacerbated the spread of HPAI H5N1 
virus, causing the deaths of a record number of 
wild birds and triggering the subsequent spread 
of H5N1 [124]. Climate factors were the stron-
gest predictors of influenza B seasonality, 
including minimum temperature [125]. In com-
parison with the incidence of influenza to cli-
matic factors during 2000–2007  in five 
countries, Tang et al. found that the mean tem-
perature was the key climate variable associated 
with the incidence of influenza B in Hong Kong, 
Brisbane, Melbourne, and Vancouver [126]. 
Furthermore, Internet search metrics in con-
junction with temperature [127] could be 
adopted to predict influenza outbreaks, which 

can be regarded as a prerequisite for establish-
ing early-warning systems using search and 
temperature data.

Currently, most studies focus on influenza A 
virus, and very few studies are available regarding 
the correlation between ambient temperature and 
influenza B, C, and D virus. There is still lack of 
enough evidences concerning the independent 
and interactive effects of ambient temperature and 
other complicated climatic factors on the risk of 
influenza in China and comparative studies in dif-
ferent countries [128]. In addition, most studies in 
China consider the effect of specific temperature 
on influenza rather than a decrease of tempera-
ture; this is also important. Jaakkola K et al. found 
that a decrease rather than low temperature 
increases the risk of influenza epidemic in a cold 
climate [129].

5.6  Ambient Temperature 
and Other Infectious 
Diseases

In China, there are 39 notifiable infectious dis-
eases including 2 from category A, 26 from cate-
gory B, and 11 from category C.  Besides the 
major infectious diseases mentioned above, there 
are still some other infectious diseases that cor-
relate to ambient temperature such as Japanese 
encephalitis (JE) and Chikungunya.

5.6.1  JE

JE is an important mosquito-borne disease and is 
commonly transmitted via the bite of Culex tritae-
niorhynchus with pig as a reservoir host and source 
of infection. At present, the morbidity and mortal-
ity of JE has declined gradually year by year. 
However, JE is still one of the threats to the public, 
and it has recently spread to new territories.

In China, some studies revealed the positive 
relationships between ambient temperature and 
JE when controlling for non-climatic factors. 
Using ARIMA models, monthly average temper-
ature was positively associated with incidence of 
JE in Linyi, Shandong after adjusting for mass 
vaccination in this area [130]. Correlation analy-
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sis and back propagation artificial neural work 
were applied; the annual JE incidence was con-
sidered to be positively correlated with maximum 
temperature and extreme maximum temperature 
[131]. In areas close to the three gorges dam, a 
significant positive association between tempera-
ture with a lag of 1 and 3 months and JE inci-
dence was found [132]. Few studies believed that 
temperature has a threshold effect on JE cases. In 
2007, Bi et  al. have clarified positive relation-
ships between monthly maximum temperature, 
minimum temperature, and JE transmission in a 
rural region of Anhui and a metropolitan area of 
Shandong with no rice plating and the uncertain 
role of pigs in JE transmission [133]. In Jinan, an 
obvious increase in JE cases occurred when the 
monthly mean maximum temperature was higher 
than 25.2  °C or the minimum temperature was 
over 21.0  °C [133]. These findings mentioned 
above are consistent with the threshold tempera-
ture detection in Linyi [130].

5.6.2  Chikungunya Fever

Chikungunya fever is an emerging infection of 
Chikungunya virus (CHIKV), constituting a seri-
ous public health problem. It is transmitted mainly 
by mosquitoes of the genus Aedes although other 
ways of transmission by blood transfusions and 
vertical transmission have also been reported 
[134]. It is a climate-sensitive mosquito- 
transmitted viral disease which was first identified 
in Africa; now its distribution spread to Asia. In 
China, the first outbreak of Chikungunya hap-
pened in Dongguan, Guangdong, 2010. After that, 
the outbreak happened in Zhejiang in 2016. 
However, few studies are available at present con-
cerning the correlation between ambient tempera-
ture and Chikungunya fever in China.

5.7  Projection of Important 
Infectious Diseases Under 
Different Climate Scenarios

Projection of important infectious diseases under 
the context of climate change is beneficial to the 
prevention and control of infectious disease in 

the future. In this section, we summarized the 
projection of representative vector-borne dis-
eases including rodent-borne diseases, water- 
borne diseases, intestinal infectious diseases, and 
respiratory infectious diseases.

5.7.1  Mosquito-Borne Diseases

5.7.1.1  DF
Ambient temperature could impact the distribution 
of dengue vectors in China in the future. Fan et al. 
adopted CLIMEX model to project the changes of 
suitable habitat range of Ae. albopictus in the cur-
rent climatic situation and under different climatic 
scenarios (RCP 2.6, RCP4.5, RCP6.0, and RCP8.5) 
under different times (2020s, 2030s, 2050s, and 
2100s). It is revealed that future climate change 
will lead to the distribution of A. albopictus suit-
able area expanding to high latitude. Compared 
with dengue distribution of the current climatic 
situation (1981–2010), ambient temperature could 
also impact dengue transmission under RCP 2.6, 
RCP4.5, RCP6.0, and RCP8.5 scenarios under 
2020s, 2030s, 2050s, and 2100s, respectively. 
Based on the findings from Fan et al., 168 million 
people of 142 counties (districts) in China are in 
the high-risk area of DF at present. Under RCP8.5 
scenario, the high- risk area of DF will further 
expand, and it will increase to 456 counties (dis-
tricts) (490 million population) in 2100.

5.7.1.2  Malaria
In China, very little literatures are available 
regarding the distribution of malaria in the future. 
Using Maxent species distribution model, the 
environmentally suitable area (ESA) of A. dirus 
and A. minimus will increase by 49 and 16% in 
the context of three climatic scenarios (RCP2.6, 
RCP4.5, and RCP8.5) in the 2030s. In the 2050s, 
the ESA of A. lesteri and A. sinensis under two 
scenarios (RCP4.5 and PCP8.5) will increase 
36% and 11%, respectively. Meanwhile, consid-
ering the level of land use and urbanization, the 
population of exposed to four Anopheles mosqui-
toes in the 2030s and the 2050s showed a signifi-
cant net increase [135].

Regarding the trend of malaria incidence in 
different scenarios in the future, it will show the 
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similar trend with Anopheles mosquitoes [136]. 
In 205 counties in Henan and Anhui from 2004 to 
2010, B1 low emission scenario, A1B intermidiate 
scenario, and A2 high emission scenario, that are 
nearly consistent to the scenarios RCP2.6, 
RCP4.5, RCP6.0, and RCP8.5, respectively, were 
used, and GP-based model was adopted to 
describe the nonlinear relationship among inci-
dence, temperature, and humidity and then proj-
ect the change of incidence under different years. 
It is demonstrated that malaria incidence will 
increase markedly, and the distribution area of 
malaria will expand markedly in the future under 
the scenario of no malaria control. Specifically, 
the malaria incidence in North China will increase 
19–29% in 2020s.

5.7.2  Rodent-Borne Diseases

Based on literature review, at present, no infor-
mation is available regarding the projection of 
rodent-borne diseases such as HFRS, plague 
under different climatic scenarios. In future, the 
research in this field should be strengthened.

5.7.3  Schistosomiasis

With the development of new technologies and 
methods, accurate and stable prediction of ambi-
ent temperature-based schistosomiasis transmis-
sion becomes possible. Based on the historical 
data, some researchers applied the future tem-
perature data into the transmission model for 
schistosomiasis projection [137].

According to historical data of temperature 
from 1960 to 2000 in China, a prediction that the 
mean January temperature will increase by 0.9 °C 
in 2030 and by 1.6 °C in 2050. Based on biologic 
model, for these temperature increases, potential 
risk areas for schistosomiasis transmission will 
increase an additional 662,373  km2 and 
783,883  km2 by 2030 and 2050, respectively. 
Disease transmission is thus likely to occur in 
previously non-endemic areas, such as the south-
ern parts of Shandong and Henan. Under the cir-

cumstances, the transmission intensity is possible 
to increase in areas already endemic for schisto-
somiasis [79]. To some extents, the predictions 
might explain the recent observations of reemer-
gence of this disease in areas where up to the cri-
teria for transmission control, or even interruption 
[71, 138, 139].

Based on the data of mean temperature and 
monthly minimum temperature in January in 
China, the impact of warming climate in winter 
to the scale of schistosomiasis spreading was 
assessed using the indexes of 0 °C mean tempera-
ture and −4 °C monthly minimum temperature in 
January. Results showed the possibility that O. 
hupensis moves northward [140]. Through com-
parison in January average temperature 0  °C, 
January average minimum temperature −4  °C, 
and January average temperature 0.9  °C, Peng 
et al. found the last one fitted the schistosomiasis 
endemic areas best. By this standard, the poten-
tial epidemic areas moved toward north, and 
endemic areas would significantly increase in 
2100 compared to that in 2050 [141].

Zhu et al. utilized fine-tuned Maxent (fMax-
ent) and ensemble models to anticipate potential 
distributions of O. hupensis under future climate 
change scenarios on the background of SNWDP 
in China. Results indicated increased suitability 
and range expansion in O. hupensis in the future. 
The southern Central Route of SNWDP will 
coincide with suitable areas for O. hupensis in 
2050–2060. Its suitable areas will also expand 
northward along the southern Eastern Route in 
2080–2090 [142]. Modeling with application of 
GIS and RS that integrated ambient temperature 
(i.e., LST) resulted in a good predictive accuracy 
for the presence of O. hupensis in recent years 
[143]. Zhou et al. applied the mean monthly tem-
perature and other environment variables in GIS 
model to predict the transmission of 
 schistosomiasis in the southern part of China. S. 
japonicum- endemic areas were restricted to set-
tings with a transmission risk index exceeding 
900, which is mostly consistent with the −4 °C 
average minimum temperature isotherm in China, 
while an improved model conducted by Zhao 
et al. supposed isotherm was at −2 °C [144–146]. 
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After that, an improved GIS forecast model com-
bined with mean minimum temperature in 
January revealed hotspots of high transmission 
intensities in Jiangsu and adjacent areas in differ-
ent transmission seasons, which showed a high 
sensitivity of 88.9% [146].

By using the results from PRECIS on refer-
ence years (1991–2005), more than 20 meteoro-
logical indexes including the highest and lowest 
temperature of the day in 2050s (2046–2050) 
and 2070s (2066–2070) were estimated under A2 
and B2 scenario, which were developed in the 
IPCC (Intergovernmental Panel on Climate 
Change) Special Report on Emissions Scenarios 
(SRES) to reflect the extent of climate change. 
The biology- based model is used to calculate the 
corresponding risk areas and potential transmis-
sion index in China in response to different cli-
mate scenarios. The transmission areas of 
schistosomiasis are supposed to extend to north 
both in 2050s and 2070s under A2 and B2 sce-
nario, especially in Jiangsu and Anhui, and the 
extended areas in 2070s are larger than that in 
2050s. North boundary of the transmission areas 
will extend further north under A2 than that under 
B2 in 2070s, which has reached Shandong. 
Compared with the year of 2005, the high-risk 
areas with potential transmission index>1500 
increased by 89.6% and 81.3% under A2 and B2 
in 2050s, respectively, which further increased in 
the 2070s [147].

5.7.4  HFMD

Based on literature review, the association 
between temperature and HFMD varies across 
China and that the future impact of climate 
change on HFMD incidence will vary as well. 
Zhao et al. projected the change in HFMD cases 
due to projected temperature change by the 2090s 
[148]. They found that the projected incidence of 
HFMD increased by 3.2% and 5.3% by the 2090s 
under the RCP 4.5 and 8.5 scenarios, respec-
tively. However, regional projections suggest that 
HFMD may decrease with climate change in 
temperate areas of central and eastern China.

Wang et  al. adopted the spatial regression 
model to project the incidence of HFMD accord-
ing to projected climatic factors and population 
under different emission scenarios. There was 
not significant variation of the average inci-
dence of HFMD from 2030s to 2080s under 
RCP 2.6 scenario. The incidence of the disease 
was also increased under RCP 4.5 and RCP 6.0 
scenarios. However, the average incidence of 
HFMD would increase linearly under RCP 8.5 
scenario with the fastest growth rate (unpub-
lished). Regarding the trend of HFMD in vari-
ous major administrative regions under different 
climate scenarios, the incidence of HFMD in the 
northeast and northwest regions declined con-
tinuously in the future, while the increase of the 
incidence of the southwest region was under 
RCP 2.6 scenario. Under the scenario of 
RCP4.5, the incidence of HFMD in North 
China, East China, Central China, southern 
China, and southwest increased continuously. In 
the context of RCP6.0, the incidence of the dis-
ease in north China, East China, Central China, 
and southern China increased continuously. And 
in the context of RCP 8.5, the incidence of the 
disease in other regions, except in the northeast, 
increased. According to the trend of HFMD in 
various climate zone under different climate 
scenarios, the trend of the incidence of HFMD 
is increased in the Qinghai Tibet plateau and the 
middle subtropical region while that decreased 
in the middle temperate zone under the scenario 
of RCP 2.6. Under the RCP 4.5 scenario, the 
incidence of HFMD in the warm temperate 
zone, the northern subtropical zone, the middle 
subtropical, and the south subtropical regions is 
increased continuously while that decreased in 
the moderate temperate zone and the cold tem-
perate zone; and the incidence of HFMD in 
warm temperate, northern subtropical, south 
subtropical, and marginal tropics is increased 
continuously while that decreased in middle 
temperate zone and cold temperate zone under 
RCP 6.0 scenario; and the incidence of HFMD 
in other regions increased except that in the 
middle temperate zone and cold temperate zone 
under RCP 8.5 scenario.
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5.7.5  Respiratory Infectious 
Diseases

Regarding the projection of influenza in China, at 
present, very little information is available. Take 
H5N1 avian influenza for example, based on 20 
global climate projection models under the future 
scenarios, Chen et al. obtained seasonal distribu-
tion of migratory birds in the context of different 
climate models and the seasonal distribution of 
H5N1 avian influenza in migratory birds. The 
results show that Japan and southern China will 
become high-risk areas of H5N1 highly patho-
genic avian influenza in January and February. 
Northern Africa, Western Asia, and Central Asia 
entered a high-risk period from April to June. The 
west coast of Africa, West Asia, India, and south-
ern China become areas high risk of outbreak 
after October. Compared with the current situa-
tion in high-risk areas, high-risk areas in Africa 
will move northward from the central part of the 
continent. In addition, the high-risk area of H5N1 
avian influenza in winter in future will spread 
from low latitudes to high latitudes.

5.8  Summary

In this chapter, the relationship between ambient 
temperature and infectious diseases were system-
atically summarized in China. We focused on not 
only the impact of temperature on the current 
situation of infectious diseases including vector- 
borne diseases, rodent-borne diseases, water- 
borne diseases, HFMD, and respiratory diseases 
but also future trend of these diseases mentioned 
above. The findings may provide scientific evi-
dence for the prevention and control of infectious 
diseases in China. The summary information of 
infectious diseases due to ambient temperature 
may provide a valuable knowledge for the policy-
maker to develop the climate-based intervention 
strategies and adapted measures to protect public 
health from ambient temperature.
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Abstract
Increasing evidence shows that ambient tem-
perature has extensive effects on reproductive 
health outcomes, including hypertensive dis-
orders, preterm birth, and childhood health. In 
this chapter, related studies published in 
Chinese or in English were searched from 
electronic sources and references lists of iden-
tified sources, to obtain a whole picture on the 
updated association between ambient temper-
ature exposure and reproductive health out-
comes in Chinese population.

Keywords
Ambient temperature · Hypertensive  
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6.1  Blood Pressure-Related 
Diseases

Hypertensive disorders during pregnancy, includ-
ing gestational hypertension, preeclampsia, and 
eclampsia, contribute to perinatal morbidity and 

mortality both for mothers and their children. 
According to tenth revision of the International 
Classification of Diseases [ICD-10], gestational 
hypertension (O13) was regarded as new onset of 
hypertension (higher than 140 mmHg in systolic 
blood pressure and/or higher than 90 mmHg in 
diastolic blood pressure) after 20 gestational 
weeks; preeclampsia (O14) was defined as pro-
teinuria or organ dysfunction in the patient with 
new onset of hypertension; eclampsia (O15) 
was seizures in a diagnosed preeclampsia 
patient that could not be ascribed to other causa-
tional factors [1].

There might be a relationship between sea-
sons, ambient temperature, and hypertensive dis-
orders. A study conducted in Hong Kong showed 
that conception in hot seasons and being exposed 
in high ambient temperature for a long time 
increased the risks of preeclampsia. Hong Kong, 
located in the south of China and characterized 
by subtropical climate, has four different sea-
sons. While winter is cold and dry, summer is 
identified by high temperature and humidity. 
Spring and autumn are the transitional seasons. 
In the study, the risk of occurrence of preeclamp-
sia for women conceived during summer was 
significantly increased when compared to 
autumn (OR 1.7, 95% CI: 1.2–2.5). Women who 
conceived in winter and spring were not with 
higher risk. The highest incidence of preeclamp-
sia was found in women who conceived in June 
(3.0%), while lowest incidence was found in 
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women conceived in October (1.1%) (as shown 
in Fig. 6.1) [2]. Higher ambient temperature in 
the early stage of pregnancy might have a detri-
mental influence on development and remodel-
ing of placental vascular, though the mechanism 
has to be studied in the future. The process of 
placental impairment and dysfunction has been 
thought to be the pathology of preeclampsia.

However, some possible confounders like the 
time intervals between conception and onset of 
clinical symptoms of hypertensive disorders may 
affect the seasonal effect on the risk of pre-
eclampsia. When considering the incidence of 
hypertensive disorders only based on the time of 
diagnosis, researchers found that the rate of 
hypertensive disorders, particularly preeclamp-
sia, in winter was higher than other three seasons 
among Chinese pregnant women in Nanchang 
(as shown in Fig.  6.2), a city with lowest tem-
perature in January and December (2–21 °C) and 
highest temperature in July (19–38  °C) [3]. In 
addition, there was a negative relationship 
between ambient temperature and incidence of 

hypertensive disorders during pregnancy 
(r = −0.787, P = 0.002) [3]. However, Li et al. 
reported that in Liuyang, a county-level city in 
Hunan Province of China, compared with sum-
mer delivery, delivery in winter or spring was 
associated with a higher probability of gesta-
tional hypertension (winter, adjusted OR = 1.40, 
95% CI: 1.01–1.95; spring, 1.47, 1.06–2.04), but 
not preeclampsia [4].

Although the biological mechanisms of the 
effect of ambient temperature on hypertensive 
disorders complicating pregnancy are not fully 
known, several possible underlying mecha-
nisms have been proposed. Firstly, low ambient 
temperature can activate sympathetic nervous 
system and the renin vasoactive system, 
increase the level of catecholamine secretion, 
reduce the production of nitric oxide, lead to 
peripheral vascular contraction, and increase 
heart rate and cardiac output. As a result, pres-
sure of blood on the vascular wall and resis-
tance of periphery blood vessels are increased, 
and high blood pressure occurs [5, 6]. Under 
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high ambient temperature, maternal blood ves-
sels are less subject to severe stress contrac-
tions; thus the risk of hypertensive disorders is 
reduced [7]. Secondly, increasing angiotensin 
sensitivity might be another explanation of the 
relation between ambient temperature and 
hypertensive disorders. One established patho-
genesis of gestational hypertension is maternal 
ischemia, which could enhance vascular sensi-
tivity to angiotensin II and then prevent forma-
tion of vasodilators [8]. Sun et al. reported that 
the upregulation of angiotensin has a certain 
role in the cold-induced high blood pressure 
[9]. Thirdly, inflammation, oxidative stress, and 
activated L-type calcium channels might be 
potential pathways in the relation between lon-
ger exposure to low temperature and elevated 
high blood pressure [6]. Fourthly, low ambient 
temperature can also lead the blood to be highly 
viscous and hypercoagulable, causing higher 
levels of hematocrit and whole-blood viscosity 
in pregnant women in the cold seasons than 
other seasons [10]. One explanation for this 
phenomenon is that with the increasing gesta-
tional age, the levels of clotting factors and 
fibrinogen in circulating system increase and 
coagulation function gradually enhances to pre-
vent postpartum hemorrhage [11]. Hypertensive 
disorders can cause dysfunctional activities of 
maternal coagulation system including the 
increment of platelet count and concentration 

of various clotting factors [12], so low tempera-
ture will exacerbate hypertensive disorders in 
pregnant women.

6.2  Preterm Birth

Preterm birth, defined as birth before 37 com-
pleted weeks of gestation [ICD-10], is a complex 
syndrome and an important global health prob-
lem. Several studies explored the association 
between ambient temperatures and preterm birth 
in China. Guangzhou, the largest city located in 
Southern China with 13 million permanent resi-
dents, has a subtropical climate with mild to 
chilly winters and hot and humid summers. He 
JR et al. used birth data of 838,146 singleton vag-
inal births and also daily meteorological data 
from the Guangzhou Meteorological Bureau, to 
estimate associations between average tempera-
ture during pregnancy and preterm birth. The 
researchers modeled weekly temperature as a 
time-varying exposure in different time windows: 
the last week of the pregnancy, the last 4 weeks of 
the pregnancy, late pregnancy (gestational week 
20 onward), and the entire pregnancy. They found 
that high mean temperatures in the last 4 weeks 
of the pregnancy, late pregnancy, and the entire 
pregnancy time windows were associated with 
increased risks of preterm birth. Compared with 
the median temperature, exposures to extreme 
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cold and extreme heat in the last 4 weeks of the 
pregnancy were associated with 17.9% and 
10.0% increased risks of preterm birth, respec-
tively (as shown in Fig. 6.3). In the stratified anal-
yses, they also found that the association between 
extreme heat and preterm birth was stronger for 
preterm births during weeks 20–31 and 32–34 
than those during 35–36 weeks [13].

Another big city in southeastern China, 
Shenzhen, has subtropical oceanic monsoon cli-
mate. The average daily temperature in Shenzhen 
is 23.0  °C; the average temperature in January, 
the coldest month of the year, is 15.4 °C; and the 
average temperature in July, the hottest month of 
the year, is 28.9 °C. According to a recent study 
conducted in Shenzhen, low ambient temperature 
might be a risk factor of PTB, and high tempera-
ture appeared to be a protective factor of PTB 
[14] (as shown in Fig. 6.4).

But the largest study focused on the relation-
ship between temperature and preterm birth in 
China which included more than one million 
pregnant women got different conclusion. The 
researchers found that both acute and chronic 
extreme temperatures exposure may affect pre-
term birth risk. Extreme high temperature is a 
risk factor, while extreme low temperature is a 
protective factor of preterm birth [15].

The mechanism that account for the associa-
tion between ambient temperature and preterm 

birth is unclear. Several possible mechanisms are 
proposed in previous studies. Dehydration on 
account of high temperature in the pregnant 
women with poor thermoregulation can decrease 
uterine blood flow and induce uterine contrac-
tions and thus induce labor onset [16, 17]. 
Maternal heat stress may induce cortisol release, 
which may also induce onset of labor [18]. 
Explanations regarding the association between 
cold temperature and preterm birth are also pro-
posed. Previous studies showed that low temper-
ature could cause vascular constriction and high 
blood viscosity and thus might induce labor [16].

6.3  Early Childhood Health

The global climate is going through a huge 
change, in which the temperature rising as the 
main characteristic. Temperature change has a 
global and universal impact on individual health 
[19]. Over the past century, the average tempera-
ture of mainland China increased from 0.9 to 
1.5 °C. During the last 15 years, the trend of tem-
perature rising was stepped down. It is expected 
by the end of the twenty-first century, the tem-
perature will increase by 1.3–5.0 °C [20]. Global 
warming also produced the corresponding effect 
on children, which are a special group of the pop-
ulation (Fig. 6.5).
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6.3.1  Direct Effect on Early 
Childhood Health

6.3.1.1  Infectious Disease
Temperature change, especially diurnal tempera-
ture change, can be an inducement of children 
suffering from infectious diseases.

According to a study conducted in Changsha, 
China, temperature difference, which mainly 
affected by environment change, is an important 
risk factor of childhood pneumonia. From 2004 
to 2005, the daily temperature difference is 
greater than from 2006 to 2008. In the meantime, 
between 2004 and 2005, incidence of childhood 
pneumonia is statistically significantly higher 
than 2006–2008 [21]. Last year, a study in Hefei, 
China, on childhood acute bronchitis suggested 

that the higher diurnal temperature difference, 
the greater the risk of acute bronchitis in chil-
dren. The children aged 0–4 were the most sensi-
tive group to diurnal temperature difference [22].

Hand, foot, and mouth disease is a common 
infectious disease caused by intestinal virus. It is 
often encountered in children under 5 [23]. In 
China, coxsackie virus C4 is the most common 
subtype of infection, in which C4a is mostly 
detected [6]. A study conducted in Guangzhou 
Province found that the incidence of hand, foot, 
and mouth disease was associated with climate 
change, especially the anomalous small peak dur-
ing autumn and winter. When the temperature 
was above 10 °C, the incidence of hand, foot, and 
mouth disease increased dramatically as the tem-
perature rises. However, when the temperature 
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was greater than 25  °C, the risk no longer 
increases. Humidity had a similar effect on inci-
dence of hand, foot, and mouth disease. When the 
humidity was higher than 70%, the incidence of 
hand, foot, and mouth disease was increasing sig-
nificantly with rising humidity until the humidity 
was more than 90% [24]. In recent years of 
China, especially in Guangdong Province, hand, 
foot, and mouth disease was shown to have char-
acteristics such as high incidence intensity, long 
duration, and widespread [23]. It is correspond-
ing to the climate and temperature change over 
the last few years [25].

6.3.1.2  Other Disease
Temperature change not only has effects on chil-
dren’s infectious disease but also can influence 
individual genetic autoimmune. Yinling Chen 

et  al. collected type I diabetes cases from 72 
countries and conducted a study on the associa-
tion between temperature and childhood type I 
diabetes [26].

6.3.2  Indirect Effect on Early 
Childhood Health

Infrared absorption gas such as atmospheric 
water vapor and carbon dioxide is important in 
maintaining a higher temperature on the earth’s 
surface, which is vital for life on earth. 
Industrialization started from the 1950s has 
been bringing increasing emissions of green-
house gases. To some extent it destroyed the 
natural balance and threatened human health 
[27] (Fig. 6.6).

China
Both sexes, Under 5 years, 2016, attributable to Air pollution

NN PretermLRISkin

Congenital

Hemog Asthma

Falls

Mech
F Body

Med Treat

Poison

Road InjDrown

Oth NM

NM Sepsis

IIeus

Epilepsy
Endocrine

S
ense

O
th N

eopla
Leukem

ia
B

rain C

M
enijgitis

E
ncepha

U
R

I

O
titis

N
N

 H
em

ol

NN Enceph

DALYs
attributable to

risk

DALYs
not attributable to

risk

Fig. 6.6 DALYs attributable to air pollution among children less than 5 years in China in 2016. (Source from IHME, 
website: https://healthdata.org)

6 Ambient Temperature and Reproductive Health Outcomes

https://healthdata.org


102

6.3.2.1  Pollution and Childhood 
Asthma

J Gasana et al. conducted meta-analyses on envi-
ronmental pollutants and childhood asthma. They 
concluded that nitrogen dioxide is a risk factor 
for childhood asthma [OR  =  1.14 (1.06, 1.24)] 
and PM as a risk factor for pediatric breathing 
[OR  =  1.05 (1.04, 1.07] [28]. Another study 
including 24 cities in China suggested that nitro-
gen dioxide, humidity, and air temperature were 
positively correlated with childhood asthma. 
PM10, sulfur dioxide, and sunshine duration 
were suggested as protective factors for asthma 
in children. However, when putting the PM10, 
sulfur dioxide, nitrogen dioxide, temperature, 
and humidity in the forecasting model together, 
air humidity and temperature contributed more to 
the risk of asthma development [29].

6.3.2.2  Pollution and Potential 
Malnutrition

Due to the lag of environment protection in 
China, according to the 2014 United Nations 
Environment Agency Report, China’s environ-
mental performance index ranked 118th in 178 
countries. Environmental degradation was severe 
especially in China’s major grain-producing area. 
Each year the cost of economic growth damage 
due to a double burden of air and water pollution 
was about 5.8% of the whole GDP. As the demand 
for food continues to grow globally, the difficulty 
of grain imports in China had been increasing 
[30]. So far, there is no report about child malnu-
trition caused by hunger.
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The Interaction of Ambient 
Temperature and Air Pollution 
in China
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Abstract
Numerous studies have revealed that both 
ambient temperature and air pollution are 
associated with human health. However, 
whether there are interactions between tem-
perature and air pollution remains undefined, 
and the results are inconsistent. In this review, 
we searched related studies and summarized 
the conclusions to obtain an overview of this 
issue. We focused on two air pollutants, par-
ticulate matter (PM) and ozone. Most studies 
suggested that there were interactive effects 
between temperature and air pollution on 
human health, and the results varied among 
different geographic regions. Further studies 
conducted in larger populations and areas are 
needed to clarify the underlying mechanisms 
of the interactions. Furthermore, it is neces-
sary for the government to strengthen targeted 
protection of susceptible populations during 
high-pollution and extreme-temperature days.

Keywords
Ambient temperature · Particulate matter · 
Ozone · Interaction

7.1  An Overview of Air Pollution 
and Health in China

With rapid development of the society, China is 
suffering from severe air pollution, which has 
been a major hazard to public health. Numerous 
studies have suggested that both short- and long- 
term exposure to many kinds of air pollutants are 
linked to increased rates of adverse health out-
comes [1–4]. Among all the air pollutants, the 
government mainly monitors particulate matter 
(PM), nitrogen dioxide (NO2), ozone (O3), and 
sulfur dioxide (SO2) [5]. This section will briefly 
summarize the health effects of PM and ozone 
and the disease burden caused by air pollution in 
China.

Many epidemiological studies have indicated 
the adverse health effects of PM, such as 
increased blood pressure (BP), inflammatory 
levels, impaired lung function [2, 6, 7], and 
changes in heart rate variability [4, 8]. Both 
PM2.5 and PM10 have been found to be positively 
associated with mortality and morbidity of all 
causes, especially cardiovascular and respiratory 
diseases. A systematic literature search con-
ducted by Liu et al. found that for each 10 μg/m3 
increment of PM10, the overall excess risk (ER) 
for all-cause mortality, the pooled ER for cardio-
vascular and respiratory mortality was 0.33% 
(95% CI: 0.26%, 0.40%), 0.38% (95% CI: 
0.24%, 0.52%), and 0.48% (95% CI: 0.37%, 
0.60%), respectively [5].
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As one of the main traffic-related and second-
ary pollutants in urban areas, ozone has also been 
reported to be associated with several adverse 
health effects in the cardiovascular system [9]. 
Many studies have indicated that dysfunction of 
the cardiac autonomic nervous system (ANS) 
and disturbed heart rate variability (HRV) may be 
the underlying mechanisms by which ozone 
increases cardiovascular risks [10]. A study con-
ducted by Jia et al. among 20 healthy elderly sub-
jects found that there was a decrement of 4.87% 
(95% CI: 0.97%, 8.62%) in HF with each 10 ppb 
increment of O3 and suggested that LF and 
LFHFR were negatively and positively associ-
ated with increased O3, respectively (p values of 
0.092 and 0.069). In addition, both short- and 
long-term O3 exposure may also bring adverse 
effects to lung function [11–13].

There is no doubt that rapid economic devel-
opment has resulted in severe air pollution in 
China. Numerous studies that have reported the 
health hazards of air pollution should draw our 
attention to this serious problem.

7.2  The Interactions 
of Temperature 
and Particulate Matter 
on Human Health

According to the aforementioned studies, both 
short- and long-term exposure to PM have been 
linked to adverse health effects. Meanwhile, tem-
perature has been considered as a potential risk 
factor that could lead to a series of adverse health 
outcomes [14–17]. Usually, there is a U-shaped 
relationship between temperature and mortality, 
with mortality being lowest at moderate tempera-
tures and highest at extremely low and high tem-
peratures [18]. In the previous studies, researchers 
often adjusted for temperature to efficiently ana-
lyze the associations between air pollution and 
health outcomes and similarly adjusted for air 
pollutants to study the health effects of tempera-
ture [19]. However, whether interactions between 
temperature and PM pollution affect human 
health remains undefined. The results of the pres-
ent studies are also inconsistent. This section 

presents a review of original studies conducted in 
China and summarizes the conclusions for an 
overview of this issue.

7.2.1  High Temperature Enhances 
the Health Effects 
of Particulate Matter

According to the studies we searched, the inter-
active effects between PM and high tempera-
tures were mainly on non-accidental, 
cardiovascular, respiratory, and cardiopulmo-
nary mortality. A meta-analysis of 16 studies 
revealed that the impacts of PM10 on non-acci-
dental, cardiovascular, and respiratory deaths 
were greatest at high temperatures [20]. In addi-
tion, in Wuhan, which is a highly polluted city 
and is called “oven city,” Zhu et  al. found that 
extremely high temperatures (daily mean tem-
perature ≥33.4  °C) could enhance the associa-
tions between PM10 and mortality. At extremely 
high temperatures, each 10 μg/m3 increment of 
PM10 was associated with a 2.95% (95% CI: 
1.68%, 4.24%), 3.58% (95% CI: 1.72%, 5.49%), 
and 5.07% (95% CI: 2.03%, 9.51%) increase in 
non-accidental, cardiovascular, and respiratory 
mortality, respectively [21]. Qian et  al. also 
observed consistently and significantly synergis-
tic effects between PM10 and extremely high 
temperatures on daily mortality in Wuhan [22]. 
Li et al. conducted a study in Tianjin using time-
series analysis and found that for each 10 μg/m3 
increment of PM10 concentration, cardiovascu-
lar, respiratory, and cardiopulmonary mortality 
increased by 0.92% (95% CI: 0.47%, 1.36%), 
0.74% (95% CI: −0.33%, 1.82%), and 0.89% 
(95% CI: 0.47%, 1.32%), respectively, at high-
temperature levels, and 0.25% (−0.01%, 0.50%), 
0.46% (−0.12%, 1.04%), and 0.28% (0.04%, 
0.52%), respectively, at low temperatures [19]. 
The results of a study by Tian et al. also showed 
that the adverse effects of PM10 on non-acciden-
tal, cardiovascular, and respiratory mortality 
were stronger at high- temperature levels than at 
low-temperature levels [23]. Furthermore, tem-
perature might also interact with PM2.5 on daily 
mortality. A study in Beijing revealed that for 
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each 10 μg/m3  increment of PM2.5 concentration, 
there was a 1.70% (95% CI: 0.92%, 3.33%) 
increment in relative risk (RR) for respiratory 
mortality during the highest stratum (23.50–
31.80 °C) [24].

Some studies have indicated a possibility of 
interactions between temperature and PM on 
lung function. A panel investigation conducted 
among 21 healthy young adults from the Healthy 
Volunteer Natural Relocation (HVNR) study by 
Wu et  al. revealed that during high tempera-
tures, the effects of PM2.5 on both morning/eve-
ning FEV1 and evening PEF were usually 
stronger than those during low temperatures, 
and the effects of temperature on both morning 
FEV1 and morning/evening PEF were also usu-
ally stronger when the PM2.5 concentrations 
were higher, suggesting that there may be syner-
gistic interactions between ambient PM and 
temperature in leading to harmful respiratory 
health outcomes [25]. Interestingly, in another 
panel study which estimated the joint short-term 
effects of PM2.5 and temperature on lung func-
tion among healthy young students in Wuhan, 
Zhang et al. found that the interactions between 
PM and temperature were slight but signifi-
cantly antagonistic [7].

We also reviewed multicity studies. Meng 
et al. conducted a stratified time-series analysis in 
eight Chinese cities and reported significant 
interactions between PM10 and high temperature 
(>95th percentile) rather than extremely low tem-
perature. They concluded that extremely high 
temperature could enhance the association 
between PM10 and daily mortality. Besides, they 
found that the health effects of PM10 were signifi-
cantly modified by extremely high temperature in 
southern Chinese cities only, probably due to the 
higher 95th percentile of daily mean temperature 
in southern cities [26]. Li et al. also found that the 
interactive term coefficients for per interquartile 
range increase in PM10 concentrations and high- 
temperature levels were 1.95% (95% CI: 0.08%, 
3.83%) in Brisbane on the current day and 0.25% 
(95% CI: 0.05%, 0.45%) in Beijing, China, 
2 days before the current day, suggesting that the 
joint effects of mean temperature and PM10 were 
synergistic [27].

Some studies investigated the vulnerability to 
the interaction between high temperatures and 
PM. According to Qin et al., the effects of PM10 
on non-accidental mortality were significantly 
stronger during high temperatures than during 
median. Furthermore, the interaction was stronger 
in females and the illiterate, indicating that they 
were more vulnerable to these interactions [28].

7.2.2  Low Temperature Enhances 
the Health Effects 
of Particulate Matter

Some other researches we searched focused on 
low temperature and PM.  And most of them 
revealed that there were also interactions between 
the two.

Both cardiovascular and respiratory mortality 
were affected by the interactions between PM 
and low temperatures. In a study conducted in 
Beijing, Li et  al. revealed that the health risks 
PM2.5 posed to cardiovascular system could be 
significantly enhanced by low temperatures. For 
each 10 μg/m3 increment of PM2.5 concentrations 
during the lowest temperature range (−9.7–
2.6  °C), there was a 1.27% (95% CI: 0.38%, 
2.17%) increase in the RR for cardiovascular 
mortality, which was much higher when com-
pared with the whole temperature range (0.59%, 
95% CI: 0.22%, 1.16%) [29]. Dai et  al. com-
pared the effects of air pollution on out-of-hospi-
tal coronary deaths (OHCDs) at different 
temperatures in Shanghai and found that the 
highest risks arose when the temperature was 
low for all pollutants, including PM2.5 and PM10. 
For example, the daily OHCD mortality 
increased by 0.75% (95% CI: 0.18%, 1.32%), 
0.36% (95% CI: −0.19%, 0.91%), and 0.52% 
(95% CI: 0.03%, 1.01%) with per 10  μg/m3 
increase in the same-day PM10 concentrations at 
low, moderate, and high temperatures, respec-
tively [30]. In Hong Kong, Sun et  al. reported 
that there was a stronger association between 
PM2.5 and mortality when the temperature was 
low than high. The results also illustrated statis-
tically significant interactions between PM2.5 and 
temperature in low stratum for all non-accidental 
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mortality, suggesting that in Hong Kong, the 
PM2.5 effects on mortality could be modified by 
temperature [31]. In a community- based time-
series analysis in Shanghai, Cheng et al. found 
significant interactions between PM10 and 
extremely low temperature for both all-cause 
and cause-specific mortality, but no significant 
interactions between air pollution and high tem-
peratures. The increase in total, cardiovascular, 
and respiratory mortality with each 10  μg/m3 
increment of PM10 was 0.17% (95% CI: 0.03%, 
0.32%), 0.23% (95% CI: 0.02%, 0.44%), and 
0.26% (95% CI: −0.07%, 0.60%) during nor-
mal-temperature days, while the estimates 
changed to 0.40% (95% CI: 0.21%, 0.58%), 
0.49% (95% CI: 0.13%, 0.86%), and 0.24% 
(95% CI: −0.33%, 0.82%) during low- 
temperature days, respectively [32].

Other studies focused on hospital admissions 
and emergency room visits. In Lanzhou, a city in 
western China, a study conducted by Wang et al. 
demonstrated that the effects of PM10 on hospital 
admissions for respiratory diseases were greatest 
on low-temperature days, smaller on normal- 
temperature days, and insignificant  on high- 
temperature days, indicating the potential 
interactions between PM10 and extreme tempera-
tures [33]. A study in Beijing also suggested sig-
nificant interactive effects between PM and 
average apparent temperature (AT)-minimum AT 
in low-temperature levels on emergency room 
visits for respiratory diseases. With regard to AT, 
in low-, medium-, and high-temperature strata, 
the excess risks of PM were 5.90% (95% CI: 
2.15%, 9.78%), 0.01% (95% CI: −0.65%, 
0.63%), and −0.22% (95% CI: −0.63%, 0.17%), 
respectively [34].

7.2.3  Particulate Matter Modifies 
the Health Effects 
of Temperature

Only a few researches studied the modifications 
of air pollution on temperature-health relation-
ships in China, and some found statistically sig-
nificant results.

Most studies focused on different causes of 
mortality. For example, a study exploring whether 
PM10 could modify the effects of temperature on 
mortality demonstrated that the interactions 
between PM10 and mean temperature on all-cause 
(F  =  3.028, p  =  0.006)  and non-accidental 
(F = 3.177, p = 0.005) were both statistically sig-
nificant [35]. In another study conducted in three 
Chinese cities, Luo et  al. found a significant 
effect modification of PM10 on temperature vari-
ability (TV)-cardiovascular mortality. For the 
entire population, higher PM10 exposure levels 
were associated with higher TV’s effects esti-
mates, while middle and lower levels were asso-
ciated with milder effects [36].

Besides mortality, some studies used heart 
rate variability (HRV) or lung function as out-
comes. A panel study conducted among healthy 
taxi drivers revealed that the effects of tempera-
ture on HRV could be modified by PM2.5. The 
results showed that PM2.5 and temperature inter-
acted synergistically with each other on the stan-
dard deviations of normal to normal intervals in 
the whole range of temperature (p < 0.05 for the 
interaction terms) except for the “≤25 °C” stra-
tum in the cold season (p = 0.22 for the interac-
tion terms). Besides, researchers also found that 
temperature interacted with PM2.5 most signifi-
cantly in the warm season but not in the cold sea-
son (p  <  0.05 for the interaction terms) on 
low-frequency power and high-frequency power 
[37]. Li et al. found that the impacts of low tem-
perature on children’s PEF were enhanced during 
those days with high PM2.5 concentrations, mean-
ing that PM2.5 may have interactive effects with 
temperature [24].

7.2.4  Possible Explanations 
for the Interactions Between 
Temperature and Particulate 
Matter

Although the underlying mechanism remains 
unclear, researchers have proposed several expla-
nations for the interactions between temperature 
and PM.
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First, both extremely high and low tempera-
tures could improve the workload of the cardio-
vascular system and lead to adverse 
cardiovascular events such as myocardial infarc-
tion [26, 38]. Arterial pressure, heart rate, and 
blood viscosity might also increase during expo-
sure to heat and cold. From a panel study con-
ducted among 39 healthy university students in 
Beijing, Wu et  al. found stronger temperature 
effects on BP at higher pollutant concentrations 
as well as greater air pollution effects on BP at 
lower temperatures, suggesting significant syn-
ergistic interactive effects between temperature 
and traffic-related air pollutants including PM2.5 
on BP [39]. Furthermore, red cell counts, plasma 
cholesterol, and fibrinogen concentrations might 
increase during exposure to extreme tempera-
tures. When blood pressure increases suddenly, 
there may be oxygen deficiency in the cardiac 
muscle, which could lead to myocardial isch-
emia or arrhythmia. Besides, increased blood 
pressure may also induce vascular spasms and 
ruptures of the atherosclerotic plaque that cause 
thrombus [29]. These marked changes play an 
important role in cardiovascular health and can 
cause physiological stress, making people more 
susceptible to the adverse health outcomes 
resulting from PM, leading to interactions on 
cardiovascular mortality between temperature 
and PM.

Second, regarding respiratory mortality, 
there are also plausible explanations for the 
modification of both high and low temperatures 
on PM effects. During hot days, the elderly, 
especially COPD patients, may have worse 
excess heat dissipation through circulatory reg-
ulation, and the accompanying heat stress can 
then improve the risk of developing pulmonary 
vascular resistance, which may lead to severe 
health outcomes among these people [29]. 
During cold days, the number of neutrophils and 
macrophages in the airways increases, which 
can increase inflammation levels, induce bron-
chospasm among asthma patients, and worsen 
airway obstruction among COPD patients. As a 
well-established biomarker of airway inflamma-
tion, fractional exhaled nitric oxide (FeNO) has 

been widely used in both clinical practice and 
epidemiological researches [40–42]. Li et  al. 
revealed that both high and low temperatures, as 
well as exposure to fine and coarse PM, played 
important roles in increasing FeNO, which may 
be a useful result for understanding the underly-
ing pathways that temperature and PM pollution 
act together to affect the respiratory health [43]. 
Furthermore, low temperatures can affect the 
scavenging rate of PM by reducing the beat fre-
quencies in the nasal and trachea cilia, making 
people more susceptible to PM.

Third, the thermoregulation of the human 
body in the thermal environment depends on the 
activation of three key mechanisms, including the 
secretion of sweat glands, vasodilatation, and 
increased respiration. Activation of these systems 
can directly or indirectly affect toxic substances 
entering the body and increase the total intake of 
air pollutants [44]. As a result, exposure levels to 
air pollutants are much greater in high tempera-
tures than in normal temperatures.

Fourth, the main sources and components of 
PM might vary by seasons, causing different tox-
icities. As a result, the mortality due to PM might 
also vary in different seasons [45]. For example, 
coal is one of the major energy sources in China, 
and the combustion of coal is common especially 
in the northern China for heating in winter and 
for cooling from coal-fired stations in summer, 
causing coal to be the major source of PM in 
these two seasons. Besides, in northwestern 
China, sandstorms which mainly come from the 
deserts and degraded grasslands are major 
sources of PM in the spring [46]. A study by Yuan 
et al. revealed that local and nonlocal pollutants 
contributed differently to impairing public health 
in the cold and hot seasons [47].

Fifth, the exposure patterns might change in 
different seasons. In warm periods, the exposure 
measurement error might be smaller because 
people would prefer to taking part in outdoor 
activities and inhale more PM [45, 48]. People 
open windows and doors more frequently to 
accelerate ventilation, which makes the monitor-
ing data closer to individual exposure levels. 
However, Sun et al. found that in Hong Kong, a 
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subtropical city, residents were more likely to go 
outdoors and open windows on cooler periods 
and remain at home with the air conditioners on 
during warmer periods, as a result of which, the 
mortality risks were higher in the cool seasons 
[31]. Despite the variations in different regions, 
the change of activity may help to explain the 
interactions between temperature and PM on 
public health.

Finally, meteorological variables such as tem-
perature and relative humidity have an influence 
on the patterns of air quality through the emis-
sions, transportation, dilution, chemical transfor-
mation, and the eventual deposition of air 
pollutants, which may also explain the interactive 
associations of temperature and PM [21].

7.2.5  Geographic Features 
of the Interactions Between 
Temperature and Particulate 
Matter

Overall, researchers found that both low and high 
temperatures had interactions with air pollution. 
However, the susceptibility of the human body to 
temperature varied by different geographic areas 
[29]. Most studies conducted in northern cities, 
such as Beijing and Tianjin, found interactions 
between high temperatures or warm seasons and 
PM, while studies conducted in southern cities, 
such as Hong Kong, Guangzhou, and Shanghai, 
found a stronger association between low tem-
peratures or cool seasons and PM.  This may 
result from the varied behavior patterns of people 
in different seasons. In the north where winters 
are always cold, people remain inside with win-
dows closed and reduce natural ventilation, so 
they are exposed to less ambient air pollution 
than in warmer seasons. In the south where sum-
mers are always hot, however, people go outside 
and open windows in cooler seasons, so they are 
exposed to higher ambient air pollution in winter. 
As a result, in the northern cities, the interactive 
effects are stronger in the warmer seasons, 
whereas in the southern cities, the interactive 
effects are greater in the cooler seasons.

7.3  The Interactions 
of Temperature and Ozone 
on Human Health

The effects of ozone on health have been widely 
explored, but whether and how temperature have 
an influence on those associations remains to be 
discovered [49]. This section briefly summarizes 
studies exploring the interactions between tem-
perature and ozone in China.

7.3.1  Temperature Modifies 
the Effect of Ozone

Most studies explored the interactions on daily 
and cause-specific mortality of low temperatures 
and ozone and were mainly conducted in sub-
tropical cities such as Shanghai and Guangzhou. 
A study conducted in Shanghai by Cheng et al. 
revealed that there were statistically significant 
interactions between O3 and extremely low tem-
perature for both all-cause and cause-specific 
mortality, which remained robust after changing 
cut points for temperature strata [32]. Similarly, 
Dai et al. reported that there were no statistically 
significant associations between short-term O3 
exposure and OHCD mortality, but the greatest 
effects of O3 appeared when the daily mean tem-
perature was low, revealing possible interactions 
between O3 and temperature [30]. In Guangzhou, 
Liu et  al. found negative interactions between 
daily mean temperatures and ozone concentra-
tions on non-accidental mortality in the cold sea-
sons and when daily temperatures were in the 
0–25th percentile [49]. In Suzhou, Chen et  al. 
indicated that there were much stronger associa-
tions between ozone and daily mortality during 
the cool seasons and low temperatures than dur-
ing the warm seasons and high temperatures, 
which suggested that low daily mean tempera-
tures had significant effect modifications on the 
acute effects of ozone [50].

In addition to researches conducted in single 
cities, there were also multicity studies. In a 
meta-regression analysis of 272 Chinese cities, 
researchers found a much greater association 
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between ozone and daily mortality with decre-
ments in annual mean temperatures at the city 
level [51]. 

Only a few studies explored the interactions of 
high temperatures and ozone. Lin et al. examined 
the combined effects of temperature and air pol-
lutants including ozone on daily mortality in 
Kaohsiung and found negative associations 
between the mortality rate and the ozone level on 
high-temperature days. There was also a signifi-
cantly decreased RR of mortality with the incre-
ment of ozone levels observed at 27.6 °C among 
all ages [52]. Due to the lack of related studies in 
China, we compared the results to studies con-
ducted in the USA and European countries. A 
study in the USA illustrated that temperature 
enhanced the health effects of ozone [53]. 
Another study conducted in eight European cities 
revealed that associations between temperature 
and mortality were generally greater when O3 
concentrations were high [54]. Lin et al. hypoth-
esized that the inconsistent results of these stud-
ies may be due to the different levels of ozone 
and varying climates [52].

7.3.2  Seasons and the Health 
Effects of Ozone

The mean temperature varies in different sea-
sons, which may influence the health effects of 
ozone. Some studies explored the possible effect 
modification of the seasons on the effects of 
ozone, but the findings are also inconsistent.

In a time-series study that investigated the 
relationship between ozone and daily mortality in 
Shanghai, Zhang et al. found significant associa-
tions between ozone and the all-cause and cardio-
vascular mortality in the cold seasons rather than 
in the warm seasons, which indicated that there 
may be interactions between ozone and seasons 
[55]. In a whole-year analysis, each increment of 
10 μg/m3 of 2-day average (lag01) O3 was associ-
ated with a 0.45% (95% CI: 0.16%, 0.73%), 
0.53% (95% CI: 0.10%, 0.96%), and 0.35% 
(95% CI: −0.40%, 1.09%) increase in all-cause, 
cardiovascular, and respiratory mortality, respec-

tively. During cold seasons, the estimates changed 
to 1.38 (95% CI: 0.68%, 2.07%), 1.53% (95% 
CI: 0.54%, 2.52%), and 0.95% (95% CI: −0.71%, 
2.60%), respectively. Another study conducted 
by Wong et al. in Hong Kong revealed that there 
were significant interactions between ozone and 
seasons for all causes of circulatory diseases, 
arrhythmias, and heart failure (p < 0.05), with the 
effects of ozone stronger in the cold seasons 
when personal ozone exposure is higher than in 
the hot seasons [56].

7.3.3  Possible Explanations 
for the Interactions 
of Temperature and Ozone

Although the underlying biological pathways are 
complicated and still to be discovered, the inter-
actions between temperature and ozone on daily 
mortality are biologically plausible.

First, exposure to ozone may impair the air-
way directly through inhalation, causing injuries 
in the nasal cavity, trachea, bronchi, and alveoli, 
making people more susceptible to the health 
hazards from temperature [44, 57].

Second, marked changes in the ambient tem-
perature can increase the body’s workload to 
maintain a normal body temperature. Both high 
and low temperatures may lead to increased 
blood pressure and heart rates and, as a result, 
make people, especially those susceptible, 
more vulnerable to air pollutants, including 
ozone [53].

Finally, some epidemiological studies have 
revealed that blood viscosity and levels of 
C-reactive protein (a biomarker reflecting 
inflammation levels) could increase with cumu-
lative exposure to low temperatures, which may 
cause coronary thrombosis and increase daily 
cardiovascular mortality [58, 59]. As a result, 
the effects of ozone exposure can be enhanced 
during low- temperature days [50]. In addition, 
ozone may also impair fibrinolysis at elevated 
temperatures, causing a decrease in the effi-
ciency of thrombus formation prevention and 
thrombolysis [60].
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7.3.4  Geographic Features 
of the Interactions Between 
Temperature and Ozone

We found that the modification effect of tempera-
ture on ozone-mortality associations also varied 
among different geographic regions.

Some studies concluded that there were 
greater associations during warm seasons, 
which could be explained by the following rea-
sons. First, generally speaking, ozone concen-
trations are higher during warm periods. 
Second, household heating is widespread in 
northern China  during the cold seasons, and 
people take fewer outdoor activities and reduce 
natural ventilation, resulting in less outdoor 
ozone exposure [51]. Finally, there may be 
more secondary pollution in the summer due to 
the heat and stronger sunlight, causing greater 
effects [45].

Other studies, especially those conducted in 
southern China, concluded that the interactions 
were stronger during the cold seasons than dur-
ing the hot seasons. Researchers assumed that 
exposure patterns contribute to these varied 
effects in different regions [32]. For example, 
Shanghai is a city with hot and rainy summers. 
A survey of 1106 families conducted there 
found that 32.7% never turned on an air condi-
tioner during winters; this fell to only 3.7% 
during the summers [61]. With heavy rain out-
side and air conditioners on inside, people 
spend most of their time indoors, thus decreas-
ing individual exposure to ozone in summer. In 
winter, however, the weather is relatively dry 
and warm; people go outdoors and open win-
dows, increasing their exposure to ambient 
ozone. The conclusions are similar in other 
southern cities such as Hong Kong and 
Guangzhou. Conditions in the northern cities 
are opposite. As a result, the ozone exposure 
level was higher during low temperatures in the 
south, which resulted in stronger interactions 
during the cool seasons. In addition, higher 
humidity and more rainfall in summer in the 
southern regions may reduce the ozone concen-
tration outside, which differs in the northern 
regions [53].

7.4  Studies Conducted in Other 
Countries

This review focused on studies conducted in 
China. However, we also compared them to 
researches conducted in other countries such as 
the USA, France, Germany, South Korea, and 
Japan. This section briefly introduces their simi-
larities and differences.

Similarly, most studies in other countries were 
time-series or panel studies and used generalized 
additive models (GAM) to analyze the short-term 
interactive effects between extreme temperatures 
and air pollutant exposure on mortality. Generally 
speaking, most provided evidence of interactions 
between temperature and ambient air pollution, 
but there were some variations in specific results 
among studies in different regions.

Studies in Western countries usually reported 
significant interactions between high temperatures 
and ambient air pollution on daily mortality [62–
69], which is consistent with studies in northern 
China while opposite to those in southern China. 
This difference may be explained by the varying 
latitudes and pollutant exposure patterns [50]. The 
studies we searched were mainly conducted in 
European countries and the USA, where the mean 
latitudes are similar to northern China but higher 
than southern China. We posit that the personal 
exposure patterns to ambient pollution and extreme 
temperatures in Western countries are similar to 
northern China, but different from southern China. 
That may be the source of the variations.

7.5  Summary

This section will summarize all the studies we 
searched, briefly introducing the limitations and 
implications for public health and policy-making.

7.5.1  Limitations

There are some common limitations in the stud-
ies we searched, so the interpretation of interac-
tions between ambient temperature and air 
pollution requires caution.
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First, most of the studies had ecologic 
designs that lacked individual exposure data, 
and exposure measurement errors were inevi-
table because the data were usually obtained 
from nearby fixed- site monitors. This method 
has several limitations: (a) pollutant concentra-
tions usually vary among different monitoring 
locations, and (b) there are always differences 
between ambient concentrations and the real 
individual exposure levels [50]. This kind of 
measurement error can cause a bias toward zero 
and underestimate the effect of air pollution 
[70]. In the future, volunteers should wear por-
table devices in order to obtain personal expo-
sure data.

Second, the present studies were conducted in 
limited cities with a lack of city-specific infor-
mation, such as demography, chronic disease 
burdens, lifestyles, and other factors. Although 
there were some multicity studies [51], most 
were conducted in single cities; thus, the conclu-
sions were less convincing. Furthermore, most 
were conducted in large cities with rapid eco-
nomic development such as Shanghai, Beijing, 
Hong Kong, and Guangzhou, whereas few were 
administered in small and less-developed cities. 
More studies in a variety of cities are needed in 
the future.

Third, PM2.5 and its chemical components 
may be the potential confounding factors when 
estimating the ozone-mortality associations [71]. 
However, in studies exploring the interactions 
between ozone and temperature, PM2.5 data were 
usually not included in the analysis, partly 
because PM2.5 was not officially monitored in 
China until 2012 [50].

Fourth, the sample size of some of the panel 
studies was small, which might decrease reliabil-
ity. For example, there were only 14 volunteers in 
the panel study conducted by Wu et al. to explore 
the interactions between temperature and traffic- 
related air pollution on heart rate variability in 
Beijing [37]. Future studies should use larger 
sample sizes to generalize their conclusions.

Fifth, most of the studies included used mor-
tality data. Further research is needed to reveal 
the modification effects of ambient temperature 
and air pollution on morbidity, clinical and sub-

clinical biomarkers to better comprehend the 
temperature-pollution interactions [54].

Finally, although there are several explana-
tions for the interactions between temperature 
and air pollution, the underlying mechanism 
remains unclear and should be assessed by 
future research. More epidemiological studies 
are  needed to explore the molecular mecha-
nisms behind the interactions. Future studies 
should also evaluate the health effects of other 
potential modifiers. And further researches 
should identify subgroups more susceptible to 
the interactive effects as defined by sex, age, 
occupation, social economic status, and many 
other factors [72].

7.5.2  Implications for Public Health 
and Policy-Making

The findings and conclusions have several impor-
tant implications.

First, people should be cautious on days with 
extreme temperatures and high levels of air pol-
lution [24]. There should be early warnings and 
appropriate and efficient measures to protect the 
public  during extremely high-temperature or 
low-temperature days with heavy air pollution 
[72]. It is also necessary to control and reduce air 
pollution, particularly during extreme- 
temperature days [19].

Second, weather factors jointly modify the 
pollution effects and vice versa. It is important to 
consider weather factors when assessing the 
adverse health effects of air pollution and also to 
consider air pollutants when assessing the risks 
caused by extreme temperatures.

Third, some studies explored vulnerable sub-
groups. Their identification could help policy- 
makers promote targeted early warning systems 
for extreme temperatures and air pollution.

Finally, these findings help reveal the health 
impacts attributed to air pollution and global cli-
mate change [26]. Researchers have noted that 
climate change will not only increase global 
average temperatures and improve the frequency 
of extreme-temperature days but may also 
improve air pollution levels in some areas [72]. 
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Clarifying the interactive associations between 
temperature and air pollution assists in the man-
agement of the hazards caused by global 
warming.

These findings are meaningful for both policy- 
makers to take efficient and adaptive measures to 
improve air quality and ordinary people to make 
contributions to reducing air pollutants in order 
to protect the public from adverse effects caused 
by air pollution and climate change.
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Abstract
As the climate changes, global temperatures 
will increase in the future, and extreme weather 
will occur more frequently. Epidemiological 
studies have shown the significant relationship 
between the ambient temperature and an ele-
vated risk of mortality. With temperature 
increases in the future, the population mortal-
ity risk may increase. Therefore, estimating the 
risk of future temperature- related mortality is 
significant for the protection of public health 
and the reduction of the burden of disease. 
Most studies assuming relationship between 
temperature and mortality remain constant; the 
projected future temperature and future popu-
lation are substituted for future temperature-
related mortality. This chapter will summarize 
the methods used to estimate the temperature- 
related mortality risk globally and the prog-
ress, results, and limitations of studies in 
China. By reviewing these studies, we provide 
a direction for future studies in China that proj-
ect future temperature-related mortality risk.

Keywords
Mortality · Future temperature · Climate 
change · Projection

8.1  Introduction

Climate change is one of the major issues of 
humanity. According to the fifth report of the 
Intergovernmental Panel on Climate Change 
(IPCC), the global temperature has risen 0.85 °C 
over the last 100 years. The report also assumed 
that the average global temperature would 
increase by 1.0  °C, 1.8  °C, 2.2  °C, and 3.7  °C 
in 2081–2100 under different scenarios. Many 
epidemiological studies have shown a significant 
relationship between the ambient temperature 
and an elevated risk of mortality and morbidity, 
and the effect is greater than previously docu-
mented in some sensitive populations, such as 
the population with cardiovascular disease and 
the elderly [1–5]. Furthermore, a meta- analysis 
showed that with a change in temperature con-
dition, the risk of cardiovascular hospitalization 
would increase 2.8% (95% CI, 2.1–3.5%) for 
cold exposure, 2.2% (95% CI, 0.6–3.9%) for heat 
wave exposure, and 0.7% (95% CI, 0.2–1.2%) 
for an increase in diurnal temperature [6]. As the 
future temperature rises, the population health 
risk may increase. Therefore, the study of future 
projections is of great significance for the protec-
tion of public health and requires more attention.

Several studies from the 1990s have projected 
future temperature-related mortality risks, and 
the number of these studies increased obviously 
after 2007 for several possible reasons. One rea-
son is that the data of both global and regional 
climate model simulations at the periods may be 
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easier to obtain. Increased workstation compu-
tational power, improved epidemiological meth-
ods, and the convenience and increased speed of 
the Internet all might be other possible factors 
[7]. The majority of the locations in which stud-
ies were conducted were developed countries, 
including the USA, Canada, European coun-
tries, Australia, and South Korea. For example, 
Gasparrini et al. projected the temperature- related 
death risk in 451 locations of 23 countries across 
the world and found that the negative mortal-
ity risk of climate change under RCP 8.5 would 
disproportionately affect poorer and warmer 
regions, with the net change at the end of the cen-
tury ranging from −1.2% (95% CI, −3.6–1.4%) 
in Australia to 12.7% (95% CI, −4.7–28.1%) in 
Southeast Asia and 1.5% (95% CI, −2.0–5.4%) 
in China [8]. These studies found that global 
warming is likely to cause increased heat-related, 
heat wave-related, and cold spell- related mortal-
ity and decreased cold-related mortality [9]. The 
current method of estimating future temperature-
related mortality risk varies. Generally, there are 
three basic procedures. First, project the future 
daily temperature under the future scenario model 
proposed in the IPCC report; second, calculate 
the exposure-response relationship between tem-
perature and health outcomes based on historical 
data; and third, combine the projected tempera-
ture and exposure-response relationship to obtain 
the future mortality risk under climate change.

In summary, the regions currently under study 
were not balanced, and the methods and results 
of each study were quite different. This chapter 
will introduce the methods of approach to the 
study of projecting future temperature-related 
mortality and will focus on the methods, results, 
and future research directions in China.

8.2  Method

Recent studies have been conducted to estimate 
future temperature-related mortality risks, includ-
ing estimating the future risk of heat-related mor-
tality cold-related mortality, heat wave-related 
mortality, and cold spell-related mortality [7, 10]. 
In this process, studies estimating future risk of 

temperature-related mortality are based primar-
ily on historical data. Most studies assuming this 
relationship remain constant; the projected future 
temperature and future population are substituted 
for future temperature-related deaths. In the calcu-
lation of future temperature-related deaths, some 
studies consider future changes in the population 
and the population’s adaptability to temperature, 
which would change the exposure-response rela-
tionship. The existing research methods will be 
summarized from five aspects: baseline exposure 
response, future regional temperature projection, 
future population changes, future population 
acclimatization, and uncertainties.

8.2.1  Baseline Temperature- 
Mortality Relationships

Thus far, many studies have explored and quan-
tified the effect of temperature on mortality by 
time-series studies or case-crossover designs 
[11]. Studies have found that the adverse effect of 
temperature on mortality is a curve relationship, 
which significantly increases if the temperature 
exceeds or falls below the minimum mortality 
temperature (MMT). Therefore, the model of the 
exposure-response relationship between temper-
ature and mortality is mainly the distributed lag 
nonlinear model (DLNM), which puts the lag and 
temperature into the generalized linear model 
(GLM) as a cross-basis and explores the effect 
of each lag day and each temperature on mortal-
ity [12, 13]. The general cold effect has a long 
lag time of up to 30 days, and the heat effect has 
a short lag time of approximately 0–7  days. In 
addition, the confounding factors of the exposure- 
response relationships include humidity, day of 
the week, holidays, or air pollution [14].

The relationship between temperature and 
mortality also largely concerned the baseline time 
periods and the measure of temperature. When 
summarizing the time span of the exposure- 
response relationship included in the relevant 
literature of this search, it was found that the 
time span of most of the studies is greater than 
10  years to ensure that the exposure-response 
relationship at the baseline time period is stable 
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enough and can be applied to the projection of 
future temperature- related death risk. The mea-
sure of temperature includes daily maximum 
temperature and daily average temperature. Most 
of the studies use daily average temperature, 
which represents the overall exposure level [15, 
16]. However, it is more common to calculate the 
maximum temperature in the heat wave-related 
studies. For example, Heaviside et al. projected 
the future heat wave-related mortality risk in 
Cyprus in Europe, and the temperature index 
used in calculating the exposure-response rela-
tionship is the daily maximum temperature [17].

8.2.2  Future Temperature 
Projection

The projection of future temperature is mainly 
based on the use of different atmospheric cycle 
models under different climate change scenarios 
in the future and the use of downscaling to obtain 
the required regional future temperatures. The 
future climate change scenario caused by human 
activities has always been an important part of 
the work of the IPCC.

Before 2013, the world’s most widely used 
scenario was a set of emission scenarios (SRES) 
announced by the IPCC in 2007, but the SRES did 
not consider the impact of climate change policies 
on future emissions. The IPCC published a set of 
representative concentration path (RCP) scenarios 
in 2013 (Table 8.1). The purpose of these scenar-
ios is to provide possibilities for future scenarios 
depending on demographic, technological, politi-
cal, social, and economic developments rather than 
assigned probabilities [18]. Half of the current 
studies that projected future temperature-related 
mortality risks used SRES emissions before 2013, 
which were generally combined with A1FI (“higher 
emissions”), A2 (“mid-high emissions”), and B1 
(“lower emissions”) [19]. Individual studies only 
used one of the high-emission models of A2, A1B, 
and A1F1 [20, 21]. A large number of studies used 
RCP scenarios after 2013, which were generally 
combined with medium- and high-emission sce-
nario models, such as RCP 4.5 and RCP 8.5 [22]. 
Some studies used all four RCPs when projecting 
temperature, and an increasing number of studies 
used RCP 2.6 to explore the effect caused by poli-
cies [23, 24]. Individual studies only used RCP 8.5 
when projecting temperature [16].

Table 8.1 The explanation of scenarios

Scenarios Level Explanation
SRES
A1F1 High Economic growth is very fast. The peak of the global population appears in the middle 

of this century. New and higher technologies are introduced and divided into three 
groups of scenarios: A1F1, A1F1, and A1B1

A1T Medium- high
A1B1 Medium- low
A2 Medium- high Unbalanced world, rapid population growth, slow economic development, slow 

technological progress
B2 Medium- low The population and economic growth rates are in a middle- level world, emphasizing 

economically and socially sustainable development
B1 Low The global population is the same as in the A1 scenario, but the economic structure is 

more rapidly adjusted toward the service and information economy
RCP
RCP 8.5 High In 2000–2100, the emission, concentration, and radiative forcing of the three major 

global greenhouse gases will increase with time. By 2100, the concentration of carbon 
dioxide in the air will be 3–4 times higher than the pre- industrial concentration

RCP 6.0 Medium- high After 2080, human carbon emissions have decreased but still exceed the allowable 
value. After 2100, greenhouse gas radiative forcing is stable at 6 W/m2

RCP 4.5 Medium- low From 2000 to 2100, the world’s three major greenhouse gas emissions peaked in 2040, 
and concentrations and radiative forcing tended to stabilize in 2070

RCP 2.6 Low Assuming that humanity responds to climate change, adopt more active ways of 
promoting the cross-border peaks of the world’s three major greenhouse gas emissions 
in 2010 and 2020 and of the concentration and radiative forcing in approximately 2040
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The global climate model, also generally 
known as the general circulation model (GCM), 
is currently the main tool for temperature projec-
tion in climatic studies. The GCM can be traced 
back to the basic equations used by Smagorinsky 
in his study in 1963 to address atmospheric circu-
lation. After more than 50 years of development, 
the GCM has not only been the first simple model 
of “atmospheric circulation” but has also joined 
the coupling modes of the Earth’s hydrosphere, 
the cryosphere, the biosphere, and the human cir-
cle. By simulating the global and large-scale cli-
mate change process, the temperature data of the 
time series in the future time period are obtained. 
Future climate projections come from GCMs, 
which reflect the current understanding of the 
physical, dynamical, and chemical processes that 
control the climate system.

GCM is unique in that they contain different 
but reasonable methods of representing climate 
processes, numerical methods for solving equa-
tions, and representations of processes that occur 
on the spatial scale and cannot be resolved directly 
by climate models [25]. There is no standard for 
how to choose a GCM. In the current study on the 
projection of future temperature- related mortal-
ity risk, the number of GCMs used varies from 
1 to 62. In recent years, most studies used ten or 
more GCMs to project future temperatures, and 
individual studies used only one GCM to simu-
late future temperatures [12, 26, 27]. Using more 
GCMs can reduce the uncertainty caused by the 
choice of GCM [7].

Due to the limitation of the calculation condi-
tions, the resolution adopted by the GCM is gen-
erally low (currently between 125 and 400 km). If 
the climate change scenario is to be estimated at 
regional and local scales on a smaller scale, sta-
tistical or dynamic downscaling is required. The 
statistical downscaling method obtains downscal-
ing results by establishing a link between large-
scale model results and observational data, such 
as circulation and ground variables. Although the 
statistical downscaling method lacks the physical 
mechanism and is affected by the observational 
data of the training model, it is easy to calcu-
late and can integrate multiple GCMs, and it has 
been used more in recent years [7]. Of the studies 

retrieved for this review that project future tem-
perature-related mortality risks, many used sta-
tistical downscaling to obtain future temperatures 
in the study area [10]. Dynamic downscaling is 
simulated using global high-resolution climate 
models at global or regional scales. The dynamic 
downscaling method has the advantages of clear 
physical meaning, unaffected by observational 
data, and all points facing the coverage area. 
However, it has a large number of calculations, 
is inconvenient to simulate, and cannot inte-
grate multiple GCMs. Few studies used dynamic 
downscaling methods to obtain future regional 
temperatures [28, 29].

8.2.3  Future Demographic Changes

Several studies have shown that the risk of tem-
perature on people will be different in different 
age groups and older people are more suscep-
tible to the effects of temperature [1, 5]. The 
world’s population will increase to 5.5–14.0 bil-
lion by 2100, and the structure of the population 
in different age groups will also change [30, 31]. 
Changes in the composition of the future popu-
lation will affect the projection of temperature- 
related death risks. In the event of future 
temperature-related mortality risks, if the aging 
of the population is not considered, the risk of 
future temperature-to-population deaths will be 
underestimated. For example, when Hajat et al. 
projected the future heat-related mortality risk in 
the UK, it was found that considering an aging 
population would increase the mortality risk by 
206% [32].

Few of the previous studies projecting future 
temperature-related mortality risk have consid-
ered the impact of future demographic changes. 
The methods of studies obtaining future local 
population estimates varied. Many studies pro-
jected the risk of future temperature-related 
deaths using the local Bureau of Statistics pro-
jected population [17, 33]. Few studies pro-
jected the future temperature-related mortality 
risk utilizing the population projected by the 
United Nations for high, medium, and low fertil-
ity rates [34]. In addition, some studies projected 
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the future temperature-related mortality risk and 
used the future population projected by the five 
population scenarios’ shared socioeconomic 
pathways (SSPs) 1–5 provided by the IPCC5 
[15]. Individual studies projected the future tem-
perature-related mortality risk with future popu-
lations by a statistical model [29]. These methods 
of projecting future populations can be applied to 
the study of projecting temperature- related mor-
tality risks, and the current study prefers to use 
the predicted population under the SSP scenario 
with the refinement of the IPCC report.

8.2.4  Future Population 
Acclimatization

The use of air conditioning in the future and the 
intervention of early warning systems will affect 
the population’s adaptability to temperature, and 
different regions may differ in air-conditioning 
usage due to different socioeconomic conditions 
[35]. Whether or not the population’s adaptability 
to temperature is taken into account in project-
ing the temperature-related mortality risk has an 
impact on the relationship between future tem-
perature and mortality.

A small number of studies have considered 
the population’s adaptability to temperature. The 
population will have increased adaptability to 
heat and heat waves due to physiological mecha-
nisms. Jenkins et al. measured the risk of future 
heat-related deaths in London, UK, and found 
that considering the population’s adaptability to 
heat, the risk of temperature-related mortality can 
be reduced by 69% [35].

Some studies hypothesized that the future 
relationship between heat and mortality will 
change as people’s ability to adapt to tempera-
ture changes or that the MMT will change as 
people’s ability to adapt to temperature changes 
[36, 37]. Some studies have assumed that the 
relationship between the future temperature and 
the mortality of the population of the study loca-
tion was consistent with the exposure-response 
relationship at a previous stage in other similar 
cities [38]. Gosling et al. summarized six dif-
ferent adaptive model methods for estimating 

future heat-related death risk (absolute threshold 
temperature changes; relative threshold tem-
perature changes; exposure- reaction relationship 
slope changes; absolute threshold temperature 
changes combined with changes in exposure-
response relationships; and relative threshold 
temperature changes combined with changes 
in exposure-response relationships, using expo-
sure-response relationships in similar cities) and 
found that different adaptive methods have a 
greater impact on projected results [26]. Gosling 
et al. suggested that we could combine the 
change of threshold temperature and the slope of 
the exposure response in the projection of future 
temperature-related mortality risk [26].

The adaptability to cold and cold waves was 
unclear [39]. A few studies assumed that climate 
change will reduce cold adaptation and that the 
cold-related mortality risk will increase with con-
siderable acclimatization [40]. However, stud-
ies have shown that seasonality may affect the 
results of such adaptation [39].

8.2.5  Uncertainties

Uncertainty in estimating temperature-related 
mortality risk is mainly due to temperature pro-
jection (selection of GCM, selection of emis-
sion models), temperature-mortality relationship, 
changes in the number and composition of future 
populations, changes in adaption to heat and cold, 
socioeconomic changes in the future, and improve-
ment of medical conditions [41]. Uncertainty in 
projecting temperature-related mortality risk is 
unavoidable, but researchers should minimize 
uncertainty and make projections more scien-
tific. At present, the methods to reduce the uncer-
tainty of the estimated temperature- related death 
risk mainly include selecting more GCMs and as 
many greenhouse gas scenarios as possible when 
projecting future temperature, choosing a better 
adaptive approach, and considering future demo-
graphic scenarios.

There have been studies that have begun to 
quantitatively estimate the uncertainty associ-
ated with temperature-related risks. Some stud-
ies estimated temperature-related mortality 
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risk using ANOVA-type (Analysis of Variance) 
estimation of variance components to calculate 
uncertainty due to RCPs, GCM, and different 
demographic scenarios [34]. Individual methods 
used Monte Carlo simulations in the calculation 
of confidence intervals to represent the uncer-
tainty by temperature-mortality relationship [8]. 
Gosling et al. quantified the uncertainties asso-
ciated with six adaptive models, five GCMs, and 
two RCPs when estimating temperature- related 
mortality risk and found that the uncertainty 
caused by adaptability is greater than the uncer-
tainty caused by GCM and RCP [26].

8.3  Review of Studies in China

Previous studies have shown that the risk of 
heat- related mortality increased with the future 
warming of the climate, and the results of 
developing countries were more pronounced. 
China recently conducted some studies to proj-
ect the risk of temperature-related mortality 
(Table 8.2).

8.3.1  Research Progress

Of the studies in China, four project the future 
risk of heat-related mortality [15, 34, 37, 42]. 
The three studies simultaneously project the 
risk of future heat- and cold-related mortality 
[40, 43, 44]. There were seven single- center stud-
ies conducted in Beijing, Tianjin, and Jiangsu, 
four of which were conducted in Beijing. Only 
one relevant multicenter study was conducted in 
Beijing, Shanghai, and Guangzhou, to compare 
the results among different cities [44].

All studies project the future temperature- 
related mortality risk of different periods repre-
senting the short-term and long-term effects of 
climate change to allow for different strategies 
to be used in different periods. In the process 
of projecting future temperature, in addition 
to individual study-specified future tempera-
tures, most of the research is based on different 
GCMs and different RCPs to obtain the future 
temperature.

Since the studies were all conducted after 
2013, when the IPCC5 was published, they all 
used RCPs and mostly tend to use RCP 4.5 and 
RCP 8.5 for 2018. However, two studies also 
applied RCP 2.6, which assumed that emissions 
might be controlled by policies [40, 45]. By 
far, an increasing number of GCMs were used 
in the studies, which can reduce the uncertainty 
caused by GCM selection and make the projec-
tion results more scientific. Current studies used 
statistical downscaling methods to obtain the 
future temperatures of the region, which may 
be related to the greater number of GCMs and 
the fact that statistical downscaling is more con-
venient and feasible. In the calculation of the 
exposure- response relationship between temper-
ature and mortality, the time span of most stud-
ies is very short (below 5 years), and individual 
studies range from 5 to 10  years. Most of the 
studies used DLNM, which is recognized world-
wide; the daily average temperature is a more 
common temperature indicator. Finally, when 
projecting temperature-related mortality risk in 
the future, half of the studies projected the risk 
of future temperature-related deaths utilizing 
the population projected by the United Nations 
for high, medium, and low fertility rates and the 
future population projected by the five popula-
tion scenarios’ SSPs 1–5 provided by the IPCC5. 
Only two studies considered the population’s 
adaptability to future temperatures, using meth-
ods that reduce the slope of exposure-response 
relationship and change the threshold tempera-
ture [34, 40]. In the process of projecting future 
temperature-related mortality, only two studies 
quantified the uncertainty and used the method 
of ANOVA-type estimation of variance compo-
nents (VC) [34, 37].

8.3.2  Results

Although most of the studies were conducted 
in different cities, the results of China’s studies 
showed a consistent direction. The studies project-
ing future heat-related mortality have all shown 
that it would increase and the risk of a longer pro-
jection period is greater [15, 34, 37, 40, 43, 44]. 
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Under the RCP 8.5 scenario, the number of heat-
related deaths among aging individuals is projected 
to increase by a median of 39.1% (95% CI, 11.1–
83.3%) in the 2020s and 264.9% (95% CI, 117.5–
427.3%) in the 2080s, compared with the number 
of deaths in the 1980s in Beijing [34]. The studies 
simultaneously projecting future heat-related mor-
tality and cold-related mortality have shown that 
the heat effects would increase and the cold effects 
would decrease. Zhang et  al. indicated that with 
the temperature decreased 1 °C in the 2080–2099 
period, Beijing, Shanghai, and Guangzhou would 
experience a decrease of 3.1, 2.2, and 4.8 deaths, 
respectively, per 100,000 people. In addition, the 
decreased cold-related mortality did not offset the 
effects of increased heat-related mortality [44]. 
The future temperature- related mortality risk will 
vary by different outcomes, populations, and adap-
tion abilities.

The projection of the causes of mortality 
is also an important issue under the chang-
ing climate. The current studies tended to 
project the future effects of temperature on 
cardiovascular disease [40, 42, 43]. The num-
ber of cold-related cardiovascular deaths 
of the 2070s would decrease by 694 under 
RCP 8.5  in Beijing, but it did not offset the 
increased heat-related cardiovascular mortal-
ity, which was 1013 deaths, under RCP 8.5 
[40]. Compared to the corresponding risks 
of the baseline period, the future heat- related 
cardiovascular mortality risks in Beijing will 
increase by an average percentage of 18.4%, 
47.8%, and 69.0% in the 2020s, 2050s, and 
2080s, respectively, under RCP 4.5, and by 
16.6%, 73.8%, and 134% in the 2020s, 2050s, 
and 2080s, respectively, under RCP 8.5 [42]. 
Recent studies have begun to project the future 
temperature effect of stroke and acute ischemic 
heart disease. Figure 8.1 showed that with the 
population held constant at the 2010 level, the 
annual number of net and heat-related acute 
deaths in Beijing from the 1980s to the 2080s 
under both RCP 4.5 and RCP 8.5 was highest 
for acute ischemic heart disease, followed by 
ischemic stroke and hemorrhagic stroke, and 
the annual number of cold-related acute deaths 
was highest for acute ischemic heart disease, 

followed by hemorrhagic stroke and isch-
emic stroke [37] (Fig.  8.1). In addition, this 
study also projected the percentage variation 
in the change of the monthly median number 
temperature-related deaths from the 1980s to 
the 2080s under RCP 4.5 and RCP  8.5. And 
this calculation showed that the percentage 
increases for the monthly death projections 
ischemic heart disease and stroke in the 2080s 
were greatest in the summer months, obvi-
ously occurring in August [37].

Understanding the future health risk of vul-
nerable populations under changing climates is 
crucial for policy making. So far, most studies 
only project the risk of future temperature-related 
deaths in the total population, and only one study 
regarded the elderly as a vulnerable population. 
Li et al. projected the heat-related mortality risk 
among the aging population in Beijing and found 
that under RCP 8.5 and a medium-sized scenario 
of population by the 2080s, the future number of 
deaths showed a 264.9% increase compared with 
the number of deaths in the 1980s [34] (Fig. 8.2). 
More research is needed to project the future 
temperature-related mortality risk of more vul-
nerable populations in China.

There are very few studies that consider 
adaptation when projecting the health risks 
under climate change. Only two studies con-
sidered the population’s adaptability to future 
temperatures, using methods that reduce the 
slope of the exposure- response relationship 
and change the threshold temperature [34, 40]. 
Future  heat- related mortality risk will decrease 
when this adaptation is considered. In the 2080s, 
with the adaptation rates assumed at 30 and 
50% in Beijing, the increase in the number of 
heat- related deaths in the aging population is 
approximately 7.4 times and 1.3 times larger, 
respectively, than the corresponding number of 
deaths in the 1980s under a scenario of high-
sized population and RCP 8.5 [34] (Fig.  8.3). 
The number of cold- related deaths may increase 
due to worse adaptation to colder temperatures. 
Zhang et  al. indicated that under RCP 8.5, the 
number of cold-related deaths during the 2050s 
increased by 548 under 100% adaptation, com-
pared with that under 0% adaptation [40].

8 Future Temperature-Related Mortality Risk Under Climate Change Scenarios
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8.4  Limitations and Perspectives 
in China

In summary, the first study to project the 
temperature- related mortality risk in China was 
conducted in 2014, and there have been few stud-

ies in China until recently. Some limitations and 
perspectives are provided below.

First, current studies mostly concentrate 
on Chinese metropolitan areas (e.g., Beijing, 
Shanghai, Tianjin, Jiangsu, Guangzhou), ignor-
ing the emerging health risk in other cities 
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Fig. 8.2 Distribution of 
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deaths for 31 GCMs and 
RCP 4.5 and RCP 8.5 
scenarios in the 1980s, 
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2080s, with constant 
population (Reproduced 
from Li et al. [34])
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with higher future temperatures. Therefore, 
more multiple- city and multiple-county studies 
should be required to project the risk of future 
temperature- related mortality.

Second, future climate warming will not only 
increase the risk of heat-related mortality but 
also lead to a lower risk of cold-related mortal-
ity. Considering that current studies mostly focus 
on the risk of future heat-related mortality, more 
studies should also focus on the risk of future net 
temperature-related mortality.

Third, because the effect of temperature on dif-
ferent diseases is different, the outcome of future 
studies should focus not only on non- accidental 
mortality risk but should also continue to project 
the risk of mortality from sensitive diseases, such 
as myocardial infarction.

Fourth, the longer the historical data is, the 
more stable the exposure-relationship between 
the temperature and mortality. Now, in the cal-
culation of the exposure-response relationship, 
the periods of historical data were too short (gen-
erally 3–5 years), and studies should extend the 
periods of historical data.

Fifth, it is best to obtain the time series of 
the daily values by multiple GCMs and multiple 
RCPs. When projecting future temperatures, 
some studies have specified the temperatures; 
because the specified temperature is published by 
the IPCC at the global level, it cannot accurately 
represent the temperature change in the study 
area, so this method cannot accurately project 
the time series of future daily deaths. In addi-
tion, some studies use fewer GCMs and RCPs, 
which would increase the uncertainty in project-
ing future temperatures.

Sixth, changes in the structure of the future 
population and adaptability to future tem-
peratures will affect the projection of future 
temperature- related death risks; thus, demo-
graphic changes should be considered upon the 
assessment of future temperature- related mortal-
ity risk. In addition, future studies are required 
to address the changing acclimatization of the 
population to future temperatures.
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Comparison of Health Impact 
of Ambient Temperature Between 
China and Other Countries

Qi Zhao, Kejia Hu, Shanshan Li, and Yuming Guo

Abstract
Global ambient temperature is increasing in the 
context of climate change, which causes a huge 
burden of mortality worldwide. Many epide-
miological studies have been conducted to 
assess the health impacts of ambient tempera-
ture, consistently demonstrating significant 
health impacts of ambient temperature. Climate 
change problem in China is especially serious. 
It has become a big threat to the health of the 
Chinese people. In this review, we summarized 
existing literature, compared health impact of 
ambient temperature between China and other 
countries, and found both cold and hot temper-

atures increase the risk of mortality in different 
countries in different climatic zones. However, 
there is substantial heterogeneity in the risk 
estimates of ambient temperature. The effect 
heterogeneities may be due to the differences in 
the socioeconomic status, characteristics of 
populations (e.g., the proportion of the elder 
population and people with pre-existing dis-
eases), human behavior, and adaptation to 
regional climate. This review highlights that 
public health strategies to alleviate the impact 
of ambient temperatures are important.

Keywords
Ambient temperature · Cold effect · Hot 
effect · Climate change · Effect heterogeneity

9.1  Introduction

A large amount of epidemiological studies show 
evidence for the adverse health effects of ambient 
temperature on morbidity and mortality across 
the globe including China [1–3]. The estimated 
historical and future mortality burden attributed 
to ambient temperature vary by country, due to 
the spatial heterogeneity in temperature expo-
sure, population, and population vulnerability 
(i.e., exposure-response relationships) [4, 5]. In 
addition, many studies have been conducted to 
examine the health impacts of heat waves and 
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cold spells and found substantial heterogeneity in 
the risk estimates of those extreme temperature 
events [6–9]. Moreover, several individual char-
acteristics (e.g., age, sex, and existing diseases) 
were identified to modify the temperature effects 
on health [10, 11].

Global warming resulting from rapid eco-
nomic growth along with energy consumption has 
become a worldwide public health threat [12, 13]. 
China is one of the world’s most rapidly growing 
economies, and it has experienced a rapid rise in 
energy consumption and carbon emissions in 
recent decades [14]. Unprecedented growth in 
anthropogenic greenhouse gas emissions (GHGs) 
has increased the intensity, frequency, duration, 
and spatial extent of extreme heat events in both 
China and the world, most notably in urban areas 
[15–17]. The response of climate change to 
human activities vary in regions, which may influ-
ence the between-country heterogeneity in the 
exposure to future extreme temperatures [18, 19]. 
Additionally, previous epidemiological studies on 
temperature-health impacts have been mainly 
conducted in developed countries [20, 21]; how-
ever, in recent years, literature in China has been 
increasingly produced [22–24]. As a developing 
country, China has a wide range of climatic condi-
tions, as well as sociodemographic and cultural 
characteristics, which exhibit different patterns 
from the developed countries [25, 26]. Therefore, 
the health risk to ambient temperature and its 
determinants in China may differ from other 
countries. In this chapter, we make a comprehen-
sive comparison of the health effects of ambient 
temperature in China and other countries, includ-
ing the climatic characteristics, exposure-response 
functions, effect modifiers, and future health bur-
den attributable to temperature.

Although numerous studies on health impacts 
of temperature have been conducted at the city, 
regional, and national level, these studies vary a 
lot with study design (e.g., descriptive, time- 
series, case-only, cohort, or case-crossover study) 
and health outcomes (e.g., mortality, or morbid-
ity) [27–31]. Despite the temperature effects are 
fairly significant, types of study design may influ-

ence the effect estimates. For instance, case-
crossover study cannot account for over-dispersion 
and may underestimate the variance of the effect 
estimates [32]. Typically, the most common sta-
tistical approach in this field is time-series analy-
sis with Poisson regression. To date, most 
comparable studies, especially regional and 
national studies, focused on the health impact of 
ambient temperature on mortality [33–35]. 
Therefore, we restricted our comparative analysis 
of time-series studies to those estimates on mor-
tality in order to reduce the complexities intro-
duced by different health outcomes and analytic 
strategies.

9.2  Comparison of Climatic 
Characteristics Between 
China and Other Countries

9.2.1  Basic Climatic Characteristics

China is located in East Asia, between the Pacific 
Ocean and the Eurasian continent, and therefore 
also shows an east-to-west gradient from forests to 
steppe and desert. China is the third largest country 
across the globe, after Russia and Canada, and it 
covers a large land area of around 9.6 million km2. 
The territory of China spans nearly 50 latitudes 
from north to south and over 60 latitudes from east 
to west. The topography of China is high in the west 
and low in the east and varies from the Qinghai-
Tibet plateau (Mt. Everest or Chomolungma; 
8850 m) to one of the lowest (Turpan Pendi; 154 m 
below sea level). The climate in China is governed 
by its geography and topography and most of its 
territory falling in the monsoon zone.

Given its vast territory, the climate in China is 
complicated. The climate and weather vary in 
different regions and change in different seasons. 
China’s climate is mainly controlled by dry sea-
sons in winter and wet monsoons in summer, 
which lead to pronounced temperature differ-
ences during the full year. In winter, northern 
winds from high-latitude areas are cold and dry; 
in summer, southern winds from coastal areas at 
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lower latitudes are warm and moist. In terms of 
temperature, China can be divided from south to 
north into six zones: tropical, subtropical, warm- 
temperate, temperate, cold-temperate, and 
Qinghai-Tibet plateau temperate zone.

China is one of the countries with the most 
serious natural disasters, including heat waves 
and cold spells. There are strong regional vari-
ations in the characteristics of heat waves and 
cold spells globally [12]. The intensity, dura-
tion, and frequency of heat waves and cold 
spells in China also vary with cities and 
regions, due to the high heterogeneity in tem-
perature across China [6, 36]. For instance, a 
global multicity study estimated annual heat 
wave days (daily mean temperature ≥ 95th per-
centile of temperature with duration ≥2 days) 
were 14 in Beijing, 16 in Shanghai, and 21 in 
Hong Kong [6].

9.2.2  Current and Future Climate 
Change

Global climate change is one of the key scientific 
and societal issues in the world. One of the major 
concerns with a potential change in climate is 
that a change in ambient temperature and extreme 
temperature events will occur [37–39]. There is 
general agreement that global air temperature has 
increased since the late nineteenth century and 
the decade of the 2000s has been the warmest 
[38, 40, 41]. The Intergovernmental Panel on 
Climate Change (IPCC) Fifth Assessment Report 
[42] estimated the globally averaged temperature 
has a warming of 0.85 [0.65–1.06] °C, over the 
period 1880–2012 (Fig.  9.1) [12]. The report 
stated that the warming in the early twentieth 
century was largely a northern hemisphere mid- 
to high- latitude phenomenon, but the more recent 

HadCRUT4 1901-2012

MLOST 1901-2012

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1. 1.25 1.5 1.75 2.5

GISS 1901-2012

Trend (ºC over period)

Fig. 9.1 Trends in surface temperature from the three 
data sets of HadCRUT4, MLOST, and GISS for 1901–
2012. White areas indicate incomplete or missing data. 
Trends have been calculated only for those grid boxes 
with greater than 70% complete records and more than 

20% data availability in first and last decile of the 
period. Black plus signs (+) indicate grid boxes where 
trends are significant (Reproduced with permission 
from IPCC report [12] (https://epic.awi.de/id/eprint/ 
37530/))
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warming is more likely to be a global issue in 
nature [12]. In addition to robust global warming, 
the cold spells were projected to significantly 
decrease in a future warmer climate, and it was 
considered very likely that heat waves would be 
more intense and more frequent and have longer 
durations toward the end of the twenty-first cen-
tury [12, 43, 44]. Moreover, it’s very certain that 
the number of warm days and nights increases 
and the number of cold days and nights decreases 
on the global scale [12].

IPCC also reported that mean annual tempera-
ture over most of the Asia region has very likely 
increased over the past century [12]. According 
to China’s Third National Assessment Report on 
Climate Change in 2015, rise in China’s annual 
average ambient temperature was estimated to be 
0.9–1.5  °C during the past century since 1909, 
which was larger than the average global tem-
perature increase [45]. The report also predicts 
that this increasing trend will further intensify in 
the future, and temperatures across most of China 
will rise another 1.3–5.0  °C by the end of this 
century, whereas the global average estimate is 
1.0–3.7 °C [45].

Numerous studies observed the increasing 
trend of heat waves in China, particularly in 
urban areas, while the cold spells have a declin-
ing trend [46–48]. Under the RCP8.5 scenario, it 
is estimated that the indices of heat wave fre-
quency, heat wave days, and longest heat wave 
duration in China would increase from about 1.0 
times/year, 5.4 and 2.5  days/year to about 3.2 
times/year, 32.0 and 14.0 days/year for 1.5 and 
5.0  °C warming targets, respectively [49]. In 
addition, the decreasing trend of cold days and 
cold nights and the increasing trend of warm days 
and warm nights were also widely reported in 
China [50–52], consistent with those of many 
other countries in Asia [53], Europe [54], and 
Australia [55]. You et al. [56] estimated the mean 
trends for cold days and cold nights have 
decreased by 0.47 and 2.06  days per decade in 
China, respectively, and warm days and warm 
nights have increased by 0.62 and 1.75 days per 
decade in China, respectively.

9.3  Comparison of Exposure- 
Response Functions 
Between China and Other 
Countries

Numerous epidemiological studies have reported 
ambient temperature was associated with adverse 
health outcomes at a local, regional, and global 
level [2–4]). It has been widely reported of the 
significant impacts of cold and hot temperature 
on cause-specific mortality, such as cardiovascu-
lar and respiratory mortality [22, 57, 58]. 
However, existing studies often used inconsistent 
model specifications, including model choice 
(e.g., single lag model, moving average lag 
model, or distributed lag nonlinear model), and 
lag days and other parameters (e.g., degrees of 
freedom and spaced knots) for smoothing splines. 
Model specifications may influence the effect 
estimates and limit the ability to compare the 
results between studies. Additionally, various 
temperature thresholds in relative risk calculation 
(e.g., 99th vs. minimum mortality temperature 
percentile, 99th vs. 75th, or per 1° increase, etc.) 
in different studies make the city- or regional-
level results difficult to be compared and synthe-
sized. Therefore, our comparison of the 
exposure-response functions between China and 
other countries was mainly based on national- 
and global-level studies.

9.3.1  Exposure-Response 
Relationship

The shape of the relationship between tempera-
ture and mortality has been mainly described as a 
reversed J-, V-, W, or U-pattern, with a nonlinear 
increase in mortality around an optimal tempera-
ture point (i.e., minimum mortality temperature) 
[1, 59]. These shapes have been observed in dif-
ferent climate zones and populations, and the 
optimal temperature varies by population and cli-
mate [24, 60, 61]. In a multicountry study, both 
hot and cold temperatures that were observed 
significantly increase the mortality risks in China 
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and other 11 countries/regions (Fig.  9.2) [1]. 
Generally, a U-shaped pooled temperature-mor-
tality  association was observed in China; how-
ever, the shape varies a lot among cities and 
regions [1, 25, 35].

The mortality risks associated with cold 
[first percentile vs. minimum mortality temper-
ature percentile (MMP)] and hot (99th percen-
tile vs. MMP) temperatures differed by 

community and country (Fig. 9.3). In summary, 
effect estimates for cold effects (first vs. MMP) 
were higher than hot effects (99th vs. MMP) in 
all the countries/regions [1, 4]. For example, in 
China, the pooled cold effects (first vs. MMP) 
is 1.22 (1.12–1.34), and the pooled hot effects 
(99th vs. MMP) is 1.10 (1.03–1.17). These esti-
mates are comparable with the estimates in 
other countries. The cold effects (first vs. MMP) 
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Fig. 9.2 The pooled overall cumulative relationship between temperature and mortality over lag 0–21  days in 
12  countries/regions (Reproduced with permission from Guo et al. [1] (https://www.ncbi.nlm.nih.gov/pubmed/25166878))
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in China is lower than those in Australia, 
Thailand, Taiwan, Japan, Italy, Spain, and the 
UK and higher than those in Brazil, South 
Korea, Canada, and the USA (Table  9.1). 
However, their differences are generally not 
statistically significant. Table  9.1 also shows 
that the estimate of hot effect (99th vs. MMP) 
in China is similar as those in other countries, 
which is slightly lower than the estimates in 
Thailand, Taiwan, Italy, and Spain but slightly 
higher than the estimates in Australia, Brazil, 
Japan, Canada, the UK, and the USA.

The minimum mortality temperatures (MMT) 
were higher in countries with high mean temper-
ature or close to equator (Fig. 9.2). In China, a 
national-wide study also found lower MMTs in 
colder regions and higher MMTs in hotter regions 
[25]. But the MMTs distributed almost around 
the 75th percentile of temperature in all countries 
according to a global-wide study, ranging from 
the 66th percentile in Taiwan to the 80th percen-
tile in the UK (Table 9.1). In China, the MMT in 
the pooled temperature-mortality association is 
around 76th. The consistency of the MMT around 
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Fig. 9.3 The relative risks of (a) cold temperature (first 
percentile versus minimum mortality temperature) and 
(b) hot temperature (99th percentile versus minimum 
mortality temperature) on deaths cumulated over lags of 

0–21 days in each community of the 12 countries/regions 
(Reproduced with permission from Guo et al. [1] (https://
www.ncbi.nlm.nih.gov/pubmed/25166878))
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the 75th percentile at a global scale suggests that, 
in the long term, people may have ability to adapt 
to local climate conditions by means of various 
physiological, behavioral, and technological 
adaptations [1, 25, 62].

9.3.2  Lag Effects of Hot and Cold 
Temperature

The distribute lag nonlinear model was widely 
used to model the exposure-lag-response rela-
tionships in epidemiological studies, particularly 
in time-series analysis of temperature-mortality 
associations [63, 64]. Based on DLNM, a large 
amount of studies reported the nonlinear delayed 
effects of the temperatures on mortality [1, 65, 
66]. Generally, it was observed that the hot effects 
often appeared immediately and lasted generally 
less than 1 week, while the cold effects appeared 
after several days but lasted at least 10 days [1, 
59, 67].

The effects of cold temperature (first vs. 
MMP) delayed for longer days in Taiwan, Italy, 
Spain, and the UK than in China (Fig. 9.4), which 
lasts for about 10  days, as observed in Japan, 
Canada, South Korea, Thailand, and the 
USA.  The effects of hot temperature (99th vs. 

MMP) lasted only 3 or 4 days in China (Fig. 9.5), 
while longer-lasting days were found in Italy and 
Spain. There were several days when the relative 
risk was lower than 1.0 at longer lag days (i.e., 
mortality displacement) after exposure to hot 
temperatures in South Korea and the UK, and to 
a lesser extent in Japan and Canada, whereas it 
was not found in other countries including China 
[1]. The findings of lag effects suggest that timely 
preventive measures should be implemented to 
reduce the heat effects on mortality, while several 
days’ protection is effective to reduce the cold 
effects on mortality both in China and other 
countries [1].

9.3.3  Mortality Burden Attributable 
to Temperature

Measures of the attributable burden to environ-
mental health risk factors are helpful for the 
planning and evaluation of public health inter-
ventions. Attributable risk can be estimated 
based on the exposure-response functions and 
the environmental and health data [68]. To date, 
increasingly studies estimated the mortality bur-
den, including the attributable mortality frac-
tions and attributable death counts related to 
temperatures [4, 69].

A multicountry study [4] estimated that the 
total mortality fraction caused by both heat 
 (temperature above MMT) and cold (temperature 
below MMT) was 7.71% [95% empirical CI 
(eCI) 7.43–7.91]. This fraction largely varied 
between countries, with the highest estimates of 
attributable risk in Italy, China, and Japan and the 
lowest estimates in Thailand, Brazil, and Sweden 
(Table  9.2). Cold was responsible for the vast 
majority of the burden (total estimate 7.29%, 
95% eCI 7.02–7.49%), while the mortality frac-
tion attributable to heat was small (0.42%, 95% 
eCI 0.39–0.44%). This difference was mainly 
due to the fact that the minimum mortality tem-
perature percentile was often high; therefore, 
most of the mean daily temperatures was lower 
than the minimum mortality temperature. 
Attributable mortality fractions related to cold 
temperature were estimated to be the highest in 

Table 9.1 The pooled percentage increase of deaths 
associated with cold temperature (first percentile of tem-
perature) and hot temperature (99th percentile of tempera-
ture) cumulated over lags of 0–21 days in the 12 countries/
regions (Reproduced with permission from Guo et al. [1] 
(https://www.ncbi.nlm.nih.gov/pubmed/25166878))

Countries  
and regions

Percentage increase (and 95%CI)

MMP
Cold effects Hot effects
1st vs. MMP 99th vs. MMP

Australia 24% (14–35%) 6% (0–13%) 76
Brazil 14% (8–21%) 7% (2–11%) 72
Thailand 25% (22–29%) 11% (8–14%) 76
China 22% (12–34%) 10% (3–17%) 76
Taiwan 35% (27–44%) 18% (12–25%) 66
South Korea 18% (11–25%) 8% (4–12%) 78
Japan 27% (21–33%) 7% (4–11%) 76
Italy 33% (20–48%) 30% (22–39%) 74
Spain 26% (22–32%) 19% (16–23%) 74
UK 30% (27–33%) 5% (4–6%) 80
USA 15% (13–18) 4% (2, 6%) 76
Canada 10% (5–14%) 5% (1, 9%) 74
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China than other countries (Table 9.2). The attrib-
utable mortality fraction related to hot tempera-
ture in China is lower than the estimates in Brazil, 
Italy, Spain, Taiwan, and Thailand but is higher 
than the estimates in other countries such as the 
USA, the UK, and Australia (Table 9.2).

The attributable mortality burden can be 
divided into two components related to moder-

ate and extreme temperatures, respectively. It is 
reported that most of the mortality risk attribut-
able to temperature was related to moderate 
cold (from 2.5th percentile of temperature to 
minimum mortality temperature), estimated to 
be 6.66% (95% eCI 6.41–6.86%) [4]. Extreme 
temperatures (extreme cold defined by temper-
ature below 2.5th percentile and extreme heat 
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Fig. 9.4 The pooled lag-response relationship associated 
with cold temperature (first percentile versus minimum 
mortality temperature) on deaths along lags of 0–21 days 

in the 12 countries/regions (Reproduced with permission 
from Guo et al. [1] (https://www.ncbi.nlm.nih.gov/
pubmed/25166878))
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defined by temperature above 97.5th percentile) 
were responsible for a small fraction, estimated 
to be 0.86% (95% eCI 0.84–0.87%), with a 
mortality fraction of 0.63% (95% eCI 0.61–
0.64%) attributable to extreme cold and a mor-
tality fraction of 0.23% (95% eCI 0.22–0.24%) 
attributable to extreme heat (Fig.  9.6). 

Attributable mortality fractions were estimated 
to be 1.06% (95% CI 0.96–1.15%) to extreme 
cold and 0.40% (95% eCI 0.32–0.47%) to 
extreme heat in China. It indicates population 
in China may be more affected by cold (either 
extreme or moderate) than population in other 
countries.
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9.4  Health Burden Associated 
with Heat Waves and Cold 
Spells

The health risk associated with heat waves as 
well as cold spells is well recorded [70]: between 
1936 and 2017, heat waves and cold spells caused 
more than 160,000 and 17,000 direct deaths 
worldwide, respectively, with 91% and 63% of 
cases occurring after 2000.

9.4.1  Health Impact of Heat Waves

There is no standard criterion regarding the tem-
perature threshold and duration of heat waves 
across the globe. For example, in Sweden a heat 
wave is considered as ≥5 consecutive days with 
the daily maximum temperatures >25 °C [71]; in 
Maine, US heat wave is reported if there are >2 
consecutive days with daily temperatures > 95 °F 
(35  °C) [72]. Numerous studies have indicated 
that the effect of heat waves on mortality may 
vary across regions/countries as a result of local 
acclimation and other factors [73, 74]. However, 
it is a challenge to assess the geographical varia-
tion in the adverse effect of heat waves without a 
unified definition of heat waves. The use of dif-
ferent methodologies (e.g., time-series analysis, 
case-crossover design, and case-only approach) 

Table 9.2 Attributable fraction of mortality (and 95% 
empirical CI) due to non-optimum temperature, cold, and 
heat by country (Reproduced with permission from 
Gasparrini et al. [4] (https://www.sciencedirect.com/sci-
ence/article/pii/S0140673614621140))

Country
Attributable fraction (%)
Total Cold Heat

Australia 6.96 
(4.27–9.51)

6.50 
(3.91–8.94)

0.45 
(0.20–0.70)

Brazil 3.53 
(3.00–4.01)

2.83 
(2.34–3.30)

0.70 
(0.45–0.93)

Canada 5.00 
(3.83–6.07)

4.46 
(3.39–5.48)

0.54 
(0.39–0.66)

China 11.00 
(9.29–12.47)

10.36 
(8.72–11.77)

0.64 
(0.47–0.79)

Italy 10.97 
(8.03–13.43)

9.35 
(6.59–11.72)

1.62 
(1.24–1.98)

Japan 10.12 
(9.61–10.56)

9.81 
(9.32–10.22)

0.32 
(0.27–0.36)

South 
Korea

7.24 
(4.45–9.73)

6.93 
(4.12–9.44)

0.31 
(0.15–0.45)

Spain 6.52 
(5.82–7.16)

5.46 
(4.79–6.07)

1.06 
(0.96–1.16)

Sweden 3.87 (−6.20 
to 12.93)

3.69 (−6.31 
to 12.61)

0.18 (−0.47 
to 0.65)

Taiwan 4.75 
(3.26–6.06)

3.89 
(2.50–5.31)

0.86 
(0.12–1.50)

Thailand 3.37 
(3.06–3.63)

2.61 
(2.31–2.88)

0.76 
(0.65–0.86)

UK 8.78 
(8.00–9.54)

8.48 
(7.72–9.25)

0.30 
(0.25–0.36)

USA 5.86 
(5.50–6.17)

5.51 
(5.17–5.82)

0.35 
(0.30–0.39)

Total 7.71 
(7.43–7.91)

7.29 
(7.02–7.49)

0.42 
(0.39–0.44)
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Fig. 9.6 Fraction of all-cause mortality attributable to 
moderate and extreme hot and cold temperature by coun-
try. Note: Extreme and moderate high and low tempera-
tures were defined with the minimum mortality 

temperature and the 2.5th and 97.5th percentiles of tem-
perature distribution as cutoffs (Reproduced with permis-
sion from Gasparrini et al. [4] (https://www.sciencedirect.
com/science/article/pii/S0140673614621140))
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and parameters (e.g., with or without consider-
ing lag effect) further exaggerates the difficulty 
of comparing previous findings. Multi-site stud-
ies can solve this problem by applying the same 
definitions of heat waves according to the local 
climatic characteristics with the same statistical 
design.

Guo et al. [6] assessed the mortality risk of 12 
heat wave definitions (from moderate to severe) 
in 18 countries/regions (400 communities) over 
lag 0–10  days, by setting threshold at the 
community- specific daily mean tempera-
ture ≥ 90th, 92.5th, 95th, and 97.5th percentiles 
of year-round temperature with duration ≥2, 3, 
and 4 consecutive days, respectively. The results 
indicated that the risk of mortality was strongly 
associated with heat waves of all definitions in all 
countries/regions, with the effect estimates higher 
in Italy, Moldova, and Vietnam than other coun-
tries (Fig. 9.7).

Generally, heat waves with higher temperature 
threshold had higher effect (except for China), 
while there was minimal distinction between dif-
ferent durations. The adverse effect of heat waves 
was highest during the first day after exposure, 
and lasted for 3–4  days, after which mortality 
displacement (harvesting effect) appeared in the 
majority of countries. Findings from this study 
showed that heat waves defined using daily mean 
and maximum temperatures had similar perfor-
mance in predicting the risk mortality, better than 
the daily minimum temperature.

Evidence about the heat wave-mortality asso-
ciation in China has been mainly from single-site 
population, with little information available 
across different regions. Ma et al. [75] explored 
this association in 66 Chinese communities 
(located in 28 provinces or municipalities) during 
lag 0–1  days. For each community, heat waves 
were defined as ≥2 adjacent days when daily 
mean temperatures were ≥95th percentile of 
year-round temperature distribution. 
Approximately 5% [95% confidence interval 
(CI): 2.9–7.2%] of deaths were linked to heat 
waves in China, with the attributable mortality 
burden greatest in the northern China [6.0% 
(95%CI: 1.0–11.3%)] and lowest in the south 
[4.5% (95%CI: 1.4–7.6%)].

Some investigations have indicated that the 
heat wave-mortality association varies by dis-
ease category, potentially depending on which 
physiological system of the body is primarily 
affected. For example, in the Chinese popula-
tion, cardiovascular deaths were more associ-
ated with heat  waves than respiratory deaths 
[75]. Another heat wave study provides more 
cause-specific details in the French population 
between 1971 and 2003 [76]. Of the 18 cause 
categories, the effect of heat waves was higher 
for mortality relevant to heat-related causes 
(e.g., hyperthermia), respiratory condition, 
nervous disorder, mental problem, communi-
cable disease, and endocrine/nutritional 
disease.
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9.4.2  Health Impact of Cold Spells

Cold spells are extreme cold temperatures that 
last for a few continuum days, but there is no uni-
fied definition worldwide. While in Spain a cold 
spell is identified when the daily minimum tem-
perature is under the fifth percentile of local tem-
perature during winter [77], a previous study 
defined cold spells in the Czech Republic as ≥3 
adjacent days with daily maximum temperatures 
below −3.5 °C [78]. Different from heat waves, 
few multi-site investigations focusing the health 
impact of cold spells are available, which limits 
the comparison of relevant health impact across 
countries or regions. This section thus only dis-
cusses the health impact of cold spells in China.

China has various climatic zones and geographic 
characteristics. Compared with population in other 
areas, those living in the subtropical south are more 
affected by cold spells due to the lack of acclimation 
and preparation (e.g., without heat supply). In the 
beginning of 2008, the majority of sites in China 
experienced preeminent cold temperatures that 
lasted for an extraordinary long duration. Zhou 
et  al. [79] quantified the health impact associated 
with this unprecedented cold event on excess death 
in 15 provinces. For each community, cold spell 
was considered as ≥5 adjacent days with daily 
mean temperatures below the fifth percentile of 
temperature distribution from December to March 
during 2006–2010. They found that this cold spell 
was associated with 43.8% (95% CI: 34.8–53.4%) 
increase in the risk of mortality, with a higher sus-
ceptibility found in the South and central China 
than in the Southwest and East. Unlike heat waves, 
the effect of this cold spell lasted much longer, 
which peaked on the third day after exposure, 
declined in the next 4 days, and then leveled off. 
This study also found that the risk of mortality of 
this cold spell was mainly associated with cold tem-
perature instead of the added effect of duration.

9.5  Modifiers for Exposure- 
Response Functions

There is a large amount of evidence indicating 
that the effect of suboptimal temperatures does 
not equally distribute across population but exhib-

its spatial and demographic variations [4, 80–82]. 
In this section, we summarize several well-docu-
mented effect modifiers that may contribute to the 
various exposure-response functions.

9.5.1  Demographic Factors

Although the underpinning mechanisms of the 
association between suboptimal temperatures 
and mortality remain unknown, most studies tend 
to explain this as due to the insufficient response 
of the automatic thermoregulatory system of the 
body to thermal stress [83]. Considering the het-
erogeneous personal characteristics (e.g., age, 
sex, pre-existing diseases, and socioeconomic 
status), the within-population variation is 
expected.

9.5.1.1  Age
Age is an important modifier for the impact of sub-
optimal temperature events on a variety of health 
outcomes (e.g., cardiovascular and all- cause mor-
tality), with the youth and the elderly more suscep-
tible than adults. For example, the risk of mortality 
in the elderly ≥75  years old increased by 4.2% 
(95%CI: 1.3–7.2%) per 1  °C rise in maximum 
apparent temperature above city-specific thresh-
olds in seven Mediterranean European cities (e.g., 
Athens, Rome, and Barcelona) during the 1990–
2000 hot seasons [84]. By contrast, the effect of 
heat was 0.9% (95%CI: −1.29 to 3.1%) in the 
population aged 15–64 years. Some other studies 
with finer age groups found that children under 
5 years of age, particular infants ≤1 year, might be 
more affected by heat exposure than the elderly 
[85]. Similar age pattern was also observed previ-
ously for the health impact of cold temperature 
[86, 87]. The enhanced vulnerability in these age 
groups is potentially because the immature or 
impaired physiological systems cannot respond 
adequately to suboptimal temperature events. The 
higher susceptibility in children is consistent with 
the fact that 90% of disease burden associated with 
climate change is in children <5  years [88, 89]. 
Reasonable explanation may be that children can 
absorb more thermal stress per unit of mass and 
have an immature adaption to suboptimal temper-
ature [90, 91].

Q. Zhao et al.
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9.5.1.2  Gender
The modification effect of gender has also been 
investigated, and the findings are inconsistent. 
Some studies have reported that there is minimal 
sex difference in response to extreme cold or hot 
temperatures, particularly in some high-income 
countries/regions/cities [85, 92, 93]. However, 
some other research suggests that males or 
females may be more affected by exposure to 
suboptimal temperatures [94, 95]. The heteroge-
neous findings in different countries or regions 
regarding the modification effect of gender may 
be relevant to several factors:

 1. Physiological difference in thermoregulation. 
Findings from several experimental studies 
indicate that there is no evident sex difference 
in the effectiveness of thermoregulation after 
controlling for physiological factors, e.g., 
muscle mass, age, body size, and aerobic 
capacity [96, 97]. However, in the general 
population (i.e., without considering those 
factors), dynamics of sweating in women are 
lower than in men, implying that women may 
be less efficient in response to heat load [98]. 
During cold exposure, women are probably 
also of disadvantage due to lower resting met-
abolic rate, higher thermal loss per unit of 
weight, and smaller body weight [99, 100]. 
However, the higher subcutaneous fat content 
may improve women’s tolerance to heat loss.

 2. In some less developed countries or regions, 
women may have lower socioeconomic status 
and are less likely access to healthcare 
resources.

 3. The disease-specific burden, which has vari-
ous temperature sensitivities, generally shows 
sex difference and differs across countries 
[101].

 4. Previous studies did not consider the differ-
ence in age structure between men and 
women.

9.5.1.3  Socioeconomic Status 
and Other Factors

There is a large number of studies showing that 
the population with lower socioeconomic status, 

such as low income and educational attainment, 
is more associated with temperature-related 
health outcomes [102]. This may be due to the 
limited access to healthcare unitizations and 
lack of infrastructure improvements (e.g., air 
conditioning and building insulation), espe-
cially in some low- and middle-income coun-
tries. However, some other studies, particularly 
those derived from populations in high-income 
countries/regions, indicate that lower socioeco-
nomic status is not a substantial effect modifier 
[92, 95].

In addition to these factors, some recent evi-
dence implies that race or ethnic group may mod-
ify the temperature-health association, with 
Black racial group and other non-Whites more 
affected by suboptimal temperature in the USA 
[11, 103]. Although China is a multiracial coun-
try, little information is available regarding 
whether there is various thermal responses across 
different racial groups.

9.5.2  Latitude and Other City- 
Specific Factors

There is increasing evidence from multiple 
countries showing that residents in high latitude 
is more susceptible to heat exposure and those 
living in low latitude are more vulnerable to cold 
exposure [10, 11, 75]. For example, Ma et  al. 
[25] found U- or J-shaped temperature-mortality 
associations in China, with the minimum mortal-
ity temperature increasing from 17.7  °C in the 
northeast to 27.4 °C in the south (Fig. 9.8). The 
reasonable explanation is that people are more 
easily to acclimate the local climate while less 
prepared for the uncommon extreme weather 
conditions.

Findings from some studies suggest that the 
effect of high temperature events (e.g., heat 
waves) are more pronounced for population in 
urban cities, largely attributable to the heat 
island effect [75]. However, limited knowl-
edge is known whether the population in rural 
areas would be more susceptible to cold 
events.

9 Comparison of Health Impact of Ambient Temperature Between China and Other Countries
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9.6  Future Disease Burden 
Related to Temperature 
Change

Climate change is the world’s single largest threat 
in the twenty-first century [104]. Under different 
scenarios of greenhouse gas emission and other 
socioeconomic assumptions, the world’s average 
surface temperature is expected to increase by 
0.3–4.8  °C during 2081–2100 relative to the 
1986–2005 average [102]. As the result, there is 
increasing frequency/intensity and longer dura-
tion of temperature events globally, with some 
countries or regions more affected than others. 
Some studies have assessed the future temperature- 
related mortality burden. However, most previous 
investigations only focused on the change in heat-
related mortality, with few studies assessing the 
net variation due to temperature change [105].

A previous study predicted the temperature- 
related deaths in the UK from the 2020s to 2080s, 
relative to the 2000s under the medium A1B emis-

sion scenario [106]. Assuming a stable population 
size, the nationwide deaths related to heat expo-
sure are predicted to increase by 329%, while the 
cold-related deaths will decrease by 40% in the 
2080s. However, the change in mortality in the 
2080s due to change in high and low temperatures 
will be 535% and −12%, respectively, after 
adjusting for population factor. In seven Korean 
cities, the temperature-related mortality in the 
2090s is projected to increase 4−6 times as high 
than in the 1992–2010 baseline under four repre-
sentative concentration pathway (RCP) scenarios 
(i.e., RCP2.6, 4.5, 6.0, and 8.5) [107]. Studies 
conducted in other countries (e.g., the USA and 
Australia) have similar findings that the heat-
related deaths will increase and cold- related 
deaths will decline in the next decades [80, 108]. 
However, the use of various statistical approaches, 
assumptions, baseline study periods, and climate 
change scenarios inhibits the assessment regard-
ing which countries or regions may be more vul-
nerable due to global warming [106, 109].
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Fig. 9.8 Temperature-mortality relationship and minimum mortality temperature (MMT) by region for lag 0–21 days 
(Reproduced with permission from Ma et al. [25] (https://www.sciencedirect.com/science/article/pii/S0013935114004319))
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Recently, Gasparrini et  al. [5] provided a 
quantitative comparison of the future change in 
mortality attributable to suboptimal temperature 
(for both heat and cold) across 451 sites in 23 
countries of the world by using a consistent ana-
lytical design (Fig. 9.9).

Under the RCP8.5 scenario, and assuming 
stable population and thermal adaptation, the 
change in temperature-related mortality exhibits 
spatial variation from the 1990s to the 2090s 
(Fig.  9.10). In northern Europe, Australia, and 
East Asia, the mortality attributable to cold tem-

Average daily mean
temperature (°c)

<5
5 to <10
10 to <15
15 to <20
20 to <25
³25

Fig. 9.9 Map of the 451 locations included in the analysis (Reproduced with permission from Gasparrini et al. [5] 
(https://www.sciencedirect.com/science/article/pii/S2542519617301560))
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Fig. 9.10 Trends in heat-related and cold-related excess mortality by region (Reproduced with permission from 
Gasparrini et al. [5] (https://www.sciencedirect.com/science/article/pii/S2542519617301560))
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perature is expected to decline from 7.4–8.7% in 
the 2010s to 3.7–5.9% in the 2090s, still higher 
than the change in heat-related excess death that 
would rise from 0.3–0.5% to 2.5–3.2% during the 
same study period. Conversely, heat-related 
excess mortality is projected to increase substan-
tially in Central and South America, Central and 
southern Europe, and Southeast Asia, with cold 
impact becoming minimal in equatorial areas.

Globally, a net increase in excess death related 
to temperature change is expected in the 23 coun-
tries under the RCP8.5 scenario, with substantial 
geographic heterogeneity observed. The large 

decrease in cold effect and moderate increase in 
heat effect will cause net decline in temperature- 
related deaths in 2090s relative to 2010s in tem-
perate regions including northern Europe 
(−0.6%), East Asia (−0.1%), and Australia 
(−1.2%) (Fig. 9.11). By contrast, the significant 
increase in heat effect is predicted to cause a 
large net increase in temperature-related mortal-
ity in the rest regions in 2090s compared with 
2010s, increasing from 3.0% in Central America 
to 12.7% in Southeast Asia. However, the impact 
of global warming on mortality is expected to 
reduce significantly if efficient mitigation strate-
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Fig. 9.11 Temporal change in excess mortality compared with 2010s by region (Reproduced with permission from 
Gasparrini et al. [5] (https://www.sciencedirect.com/science/article/pii/S2542519617301560))

Q. Zhao et al.

https://www.sciencedirect.com/science/article/pii/S2542519617301560


147

gies would be involved (under the RCP2.6 
scenario).

9.7  Summary

Both cold and hot temperatures (including cold 
spells and heat waves) are associated with risks 
of mortality across the globe. However, the mor-
tality risk estimates of temperatures are hetero-
geneous across countries. The differences might 
be caused by different demographic characteris-
tics, socioeconomic status, disease types, and 
local environmental types. Future climate will 
greatly increase the mortality burden attributable 
to hot temperatures but reduce the cold 
temperature- related mortality. There is sufficient 
evidence indicating that extreme temperatures 
have increased health risks to the Chinese popu-
lation. Future studies are necessary to provide 
methods of adapting to extreme temperatures 
and evaluate the implementation of adaptation 
measures.
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Abstract
Health vulnerability assessment is a crucial 
step in the roadmap of adapting to climate 
change. The results could help health depart-
ments to better understand who and where are 
more vulnerable to climate change and hence 
implement corresponding intervention actions 
to reduce the burden of public health impacts 
and even increase the equity of social and eco-
nomic development. Considering the severe 
climate change process confronting China that 
has the largest population size and broad terri-
tory with contrasting climatic characteristics, 
understanding the spatiotemporal distributions 
of health vulnerability to climate change is pro-
foundly significant for central and local gov-
ernments. Therefore, in this chapter we aimed 
to systemically review all available evidence 
on the health vulnerability to temperature and 
extreme weather events in China. We believe 

that the findings could provide explicit infor-
mation for the evidence-based policy- making 
and risk management on climate change.

Keywords
Climate change · Health vulnerability 
assessment · Exposure · Sensitivity · Adaptive 
capacity · Extreme weather events · Chinese

10.1  Introduction

The IPCC (Intergovernmental Panel on Climate 
Change) reports have argued that our planet is 
experiencing a rapid process of climate change, 
the global surface temperature is consecutively 
increasing, and the frequency and intensity of 
extreme weather events are also increasing. 
Furthermore, this climate change process is likely 
to continue in the next several decades [1–3]. It 
has been well demonstrated that variation of 
ambient temperature and extreme weather events 
can increase both mortality and morbidity risks 
for human health [4–10]. Besides these useful 
baseline information, more nuanced approaches 
and information are needed for the public health 
sectors to make specific policies and programs to 
response to the climate change. The health vul-
nerability of local populations and communities 
is a kind of such approach, which is defined as 
how much a system is susceptible to and unable 
to deal with the adverse impacts [2]. Vulnerability 
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is a collective function of exposure, adaptive 
capacity, and sensitivity [2]. Globally, the vulner-
ability to climate change has been widely studied 
in developed countries [11–14]. However, such 
studies are still inadequate for policy and adapta-
tion strategy making in developing countries, 
particularly in China.

Under the background of global warming, 
China experienced more significant climate 
change in the past century. The increase rate of 
surface temperature between 1951 and 2017 was 
0.24  °C per decade, which is higher than the 
global average level [15]. It has been projected 
that this warming process will continue in the 
near future [16, 17]. With the largest population 
size and third vastest territory in the world, China 
needs to identify the distribution of health vulner-
ability to climate change and further make spe-
cific adaptation measures in the future. Several 
studies have studied the spatial and temporal 
characteristics of health vulnerability to weather 
factors across China, such as high temperature, 
heat waves, floods, sea level rising, and drought 
[18–26]. However, no study has systematically 
reviewed these studies. Such information could 
provide explicit information for the policy- 
makers and stakeholders to take specific actions 
to protect the most vulnerable population in the 
future.

In this chapter, we systematically reviewed the 
available evidence on the health vulnerability to 
weather factors in China.

10.2  Literature Search, Selection, 
and Data Extraction

We have searched for all studies published 
before May 1, 2018, in Medline, PubMed, Web 
of Science, EMBASE, Chinese database of 
China Biological Medline, and Wanfang data-
base. Only the original studies that met the fol-
lowing criteria were selected: (a) studies that 
investigated the health vulnerability to weather 
factors (temperature, heat waves, cold spells, 
floods, sea level rising, drought, and other 
extreme weather events); (b) studies that was 
conducted in China including Mainland China, 

Hong Kong, Taiwan, and Macao; (c) studies that 
have presented the detailed information of vul-
nerability framework, indicator selection, and 
data collection; and (d) if repeated studies for 
the same population were identified, only the 
study with the most recent information was 
included. Thirteen studies were selected, in 
which two were repeated studies. Finally, 11 
studies were included in this review. Their stud-
ied locations were shown in Fig. 10.1. For each 
selected study, the following information was 
extracted: authors, study location, type of health 
vulnerability, vulnerability framework, main 
indicators, and main results. The detailed infor-
mation of each included study can be seen in 
Table 10.1.

10.3  Health Vulnerability 
Assessment Frameworks

Most studies employed the framework provided 
by IPCC that defined the health vulnerability as 
“a collective function of the character, magni-
tude, and rate of climate variation to which a 
system if exposed, its sensitivity and its adap-
tive capacity” [18, 19, 22–26]. Exposure is 
defined as the nature and degree of a system 
exposed to significant climatic variations. 
Sensitivity is the degree of a system that is 
affected by climate- related stimuli. Adaptive 
capacity is the ability of a system to adjust to a 
climate event, moderate potential damages, take 
advantage of opportunities, or cope with the 
consequence. Exposure is related to climate, 
and sensitivity and adaptive capacity are associ-
ated with the socioeconomic characteristics. In 
this way, the combination of exposure and sen-
sitivity can be defined as potential impact or 
total vulnerability, and the combination of sen-
sitivity and adaptive capacity can also be defined 
as social vulnerability index (SVI) [1]. The vul-
nerability index (VI) can be modeled by the fol-
lowing equation [33]:

 
VI EI

SI AI
j j

j j

n
=

+ +( )∗
1

 
(10.1)
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where VIj denotes the overall vulnerability index. 
EIj denotes the component measuring the level of 
exposure. SIj denotes the sensitivity index, and 
AIj denotes the adaptive capacity index. The 
framework is shown in Fig. 10.2.

In this framework, indicators are selected for 
the three dimensions using literature review and/
or expert consultations. Then an analytic hierar-
chy process method or principle component anal-
ysis could be used to determine the weighting of 
each indicator based on the relative importance 
[21]. Briefly, an expert can judge the relative 
importance of all indicators subjectively. A judg-
ment matrix could be established from each 
expert and was tested by a consistency test to 
examine the logical consistence of sorting results. 

Then the average weighting given by all experts 
was used as the final weighting of each indicator. 
The weighting matrix can also be determined by 
principal component analysis (PCA) [20]. The 
index for each dimension can be calculated using 
the following equations:

 
EI = ⋅ + ⋅ + + ⋅w E w E w EE E E nn1 21 2 

 
(10.2)

 
SI = ⋅ + ⋅ + + ⋅w S w S w SS S S nn1 21 2 

 
(10.3)

 
AI = ⋅ + ⋅ + + ⋅w A w A w AA A A nn1 21 2 

 
(10.4)

where E1 − En represent exposure indicator 1~n, 
S1  −  Sn represent sensitivity indicator 1~n, 
A1  −  An represent adaptive capacity indicator 

Fig. 10.1 The distribution of studied locations in the included studies in China (Publisher’s note: Springer Nature 
remains neutral with regard to jurisdictional claims in published maps)
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Table 10.1 General information of included studies

Author/year Location
Type of 
vulnerability

Vulnerability 
framework Indicators Main findings

Zhu et al. 
(2012) [26]

Guangdong Flood 
vulnerability

IPCC 
framework

Two indicators for 
exposure: maximum 
daily precipitation and 
historical frequency of 
floods
Six indicators for 
sensitivity: percentage 
of people >65 years, 
percentage of people 
<5 years, percentage of 
immigrant population, 
unemployment rate, 
percentage of people 
engaged in agriculture, 
and infant mortality rate
Five indicators for 
adaptive capacity: 
percentage of health 
professionals, GDP, 
percentage of people 
with per capital living 
space less than 8 m2, 
percentage of harmless 
sanitary latrines, and 
percentage of illiterate 
in the people >15 years

The health vulnerability to 
flooding in Guangdong 
Province was higher in 
coastal areas, Beijiang 
River Delta, east areas of 
Dongjiang River Delta, 
and north areas of Pearl 
River Delta and was lower 
in several counties in 
Zhaoqing, Dongguan, 
Foshan, and Heyuan cities

Tan et al. 
(2013) [22]

Xinjiang 
and Ningxia

Natural 
disasters and 
climatic 
variation 
vulnerability

IPCC 
framework

Indicators for exposure: 
natural disaster- and 
climatic variation- 
related indicators such 
as number of natural 
disasters in the past 
10 years
Indicators for adaptive 
capacity: social 
demographical 
characteristics, family 
planning strategy, and 
social network-related 
indicators such as 
dependency ratio (ratio 
of population in and not 
in labor force) and 
percentage of illiterate
Indicators for 
sensitivity: health-, 
food-, and water 
supply-related 
indicators such as 
prevalence of chronic 
diseases and percentage 
of family depending on 
crop planting

People in Xinjiang 
Province were more 
vulnerable to natural 
disasters and climatic 
variation vulnerability 
than people in Ningxia 
Province. The 
vulnerability in Xinjiang 
Province mainly came 
from demographic 
characteristics and social 
networks. By contrast, the 
vulnerability in Ningxia 
Province was mainly 
inducted by food and 
water supply

T. Liu et al.



157

Table 10.1 (continued)

Author/year Location
Type of 
vulnerability

Vulnerability 
framework Indicators Main findings

Zhu et al. 
(2014) [25]

Guangdong Heat wave 
vulnerability

IPCC 
framework

Two indicators for 
exposure: temperature 
growth rate and number 
of days with maximum 
temperature over 35 °C
Six indicators for 
sensitivity: percentage 
of people >65 years, 
percentage of people 
<5 years, percentage of 
immigrant population, 
unemployment rate, 
percentage of people 
engaged in agriculture, 
and infant mortality rate
Five indicators for 
adaptive capacity: 
percentage of health 
professionals, GDP, 
percentage of people 
with per capital living 
space less than 8 m2, 
percentage of harmless 
sanitary latrines, and 
percentage of illiterate 
in the people >15 years

The health vulnerability to 
heat waves in Guangdong 
Province was higher in 
northern inland regions 
than that in the southern 
coastal regions. The 
counties with the highest 
vulnerability were 
Lianzhou and Liannan of 
Qingyuan and the lowest 
in the Yantian District of 
Shenzhen

Wan 
(2014) [27]

Jinan, 
Shandong

Heat 
vulnerability

Four 
dimensions

Four indicators for 
health condition: 
prevalence of chronic 
diseases, prevalence of 
hospital visiting, change 
of health conditions, 
and prevalence of 
chronic disease during 
the heat days
Three indicators for 
economic conditions: 
monthly family income, 
stability of income, and 
amount of saving 
money
Four indicators for 
living resources: water, 
electric, early warning 
information of high 
temperature, and 
medical insurance
Two indicators for 
living environments: per 
capital living space and 
ventilation condition of 
living house

In the center of urban area, 
health vulnerability 
induced by health 
condition, social 
connection, and living 
environment was relatively 
higher. In the suburb areas, 
health vulnerability was 
mainly caused by 
perception, adaptive 
behaviors, economic 
conditions, living 
resources, and working 
environments

(continued)
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Table 10.1 (continued)

Author/year Location
Type of 
vulnerability

Vulnerability 
framework Indicators Main findings

Christenson 
et al. (2014) 
[28]

Hong Kong 
and Macao

Cyclone, 
drought, and 
flood

Exposure in 
the IPCC 
framework

Indicators for exposure: 
frequency cyclone, 
drought, and flood

Hong Kong and Macao 
were listed in the first and 
third place in the 
multi-hazard exposure 
rank all over the world

Wang 
(2015) [23, 
24]

Beijing, 
Shanghai, 
and 
Chongqing

Heat wave 
vulnerability

IPCC 
framework

Indicators for exposure: 
days of high 
temperature, urban 
population density, and 
areas of built-up district
Indicators for adaptive 
capacity: treatment 
ability of healthcare 
system, coverage of 
green space, GDP, and 
comprehensive 
management ability of 
local governments
Indicators for 
sensitivity: percentage 
of people >65 years, 
percentage of immigrant 
population, and 
percentage of low- 
income population

From 2004 to 2013, the 
heat wave vulnerability of 
Beijing shows a 
decreasing trend and that 
in Shanghai and 
Chongqing shows an 
increasing trend. The heat 
wave vulnerability in 
Shanghai is the highest 
and then followed by 
Chongqing and Beijing, 
respectively

Hou (2015) 
[19]

Guangxi Flood 
vulnerability

IPCC 
framework

Three indicators for 
exposure: number of 
floods, annual number 
of heavy rain days, and 
average monthly 
precipitation
Three indicators for 
sensitivity: population 
density, gender, and age
Nine indicators for 
adaptive capacity: 
percentage of ethnic 
minority people, 
percentage of illiteracy, 
number of medical 
institutes per 1000 
people, number of 
doctors per 1000 
people, number of 
nurses per 1000 people, 
number of hospitals 
beds per 1000 people, 
percentage of 
population having basic 
medical insurance, 
yearly household 
income, and GDP

The most vulnerable 
prefectures located in 
north part of Guangxi 
Province, and it has a 
trend of vulnerability 
decreasing from northwest 
to southwest

T. Liu et al.
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Table 10.1 (continued)

Author/year Location
Type of 
vulnerability

Vulnerability 
framework Indicators Main findings

Bai et al. 
(2016) [29, 
30]

Tibet Heat 
vulnerability

Four 
dimensions 
confirmed 
by principal 
component 
analysis 
(PCA)

Ten indicators: 
age ≥ 60, labor ability, 
illiterate, living alone, 
living alone with 
60 years old or over, 
low income, low- 
income households, low 
income among seniors, 
households with only 
one room, and 
households ≤8 m2 
living spaces

The average levels of heat 
vulnerability were similar 
between the rural and 
urban population in Tibet 
area, but the patterns 
varied strongly from one 
county to another. The 
heat vulnerability was 
higher in counties with 
high altitude

Chen et al. 
(2016) [31]

Jiangsu Heat 
vulnerability

Four 
indicators

Mean education level, 
percent of people with 
65 years or over, and 
number of beds in 
health institutions per 
1000 people, average 
air-conditioning units 
per household

The heat vulnerability was 
higher in the central 
counties than counties in 
other areas. Vulnerability 
was negatively associated 
with urbanicity indicator

Feng (2016) 
[18]

Hainan Heat 
vulnerability

IPCC 
framework

Three indicators for 
exposure: number of 
days with maximum 
temperature over 35 °C, 
number of days with 
minimum temperature 
below 28 °C, and daily 
precipitation
Six indicators for 
sensitivity: GDP, 
population density, 
percentage of people 
>65 years, percentage 
of minority people, 
percentage of people 
with minimum standard 
of living, and 
percentage of people 
engaged in agriculture, 
forestry, husbandry, and 
fishery industry
Eleven indicators for 
adaptive capacity: 
coverage rate of green 
space, annual amount of 
garbage disposed, 
number of hospital beds 
per 10,000 people, 
number of health 
professionals per 10,000 
people, percentage of 
primary and middle 
school students, ability of 
tap water supplying, etc.

Most regions were high 
and mid-high vulnerability 
areas. The exposure to 
high temperature/heat 
waves is high in the north 
and northwest region, 
medium in the central 
region, and low in south 
region. The sensitivity is 
high in central region and 
low in the south region. 
The distribution of 
adaptive capacity did not 
vary significantly across 
Hainan Province. In 
summary, the health 
vulnerability to high 
temperature/heat waves 
was relatively higher in 
the north and central 
regions in Hainan 
Province

(continued)
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1~n, and w represents the weighting of each indi-
cator. Finally, the vulnerability index can be cal-
culated using Eq. (10.1).

The above framework is not the only one. In 
several studies, other frameworks were employed 
to assess the health vulnerability [23, 30–32, 34]. 
For example, Bai et al. collected ten variables to 
assess the county-level heat vulnerability of 
urban and rural residents at county level in Tibet, 
China. They employed a PCA to identify four 
principal factors (poverty, social isolation, small 
dwelling, and elderly/fragile health/illiterate). 
Then the heat vulnerability index of each county 

was estimated by summing the integer scores for 
four factors [29, 30]. Chen et al. computed a heat 
vulnerability index at county level based on four 
characteristics including education level, percent 
of elderly people ≥65  years, air-conditioning 
usage, and number of beds (/1000 people) in 
health institutions [31]. Wan et al. employed 13 
indicators which were divided into four dimen-
sions (health status, economic conditions, living 
resources, and living environment) to compose 
the vulnerability index in Jinan City, Shandong 
Province [34]. Similarly, Wang et  al. applied a 
framework including ten indicators to evaluate 
the vulnerability to heat waves in Beijing, 
Shanghai, and Chongqing [23].

10.4  Indicator Selection 
for Health Vulnerability

The indicator selection is another key step of 
health vulnerability assessment. Several princi-
ples were proposed in previous studies [23, 25]. 
The first one is scientificalness which indicated 
that all indicators’ selection was based on scien-
tific evidence. For instance, the indicators should 

Table 10.1 (continued)

Author/year Location
Type of 
vulnerability

Vulnerability 
framework Indicators Main findings

Luo et al. 
(2016) [32]

Guangdong Heat wave 
vulnerability

Two 
dimensions

Six indicators for 
sensitivity: percentage 
of people >65 years, 
infant mortality, 
percentage of people 
<4 years, percentage of 
agriculture population, 
percentage of immigrant 
population, and 
unemployment rate
Five indicators for 
adaptive capacity: GDP, 
percentage of people 
with per capital living 
space less than 8 m2, 
percentage of illiterate 
in the people >15 years, 
number of health 
professionals per 10,000 
people, and percentage 
of harmless sanitary 
latrines

Regions with higher 
sensitivity to heat waves 
were located in the west 
and north areas of 
Guangdong Province. The 
east area and Pearl River 
Delta has lower sensitivity
The Pearl River Delta had 
the highest adaptive 
capacity for heat waves. 
East and southwest areas 
had the lowest adaptive 
capacity to heat waves

Exposure Sensitivity

Potential impact

Vulnerability

Adaptive capacity

Fig. 10.2 The framework of vulnerability defined by 
IPCC

T. Liu et al.
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not only include the characteristics of nature 
environment and social economic development 
in a city or region but also reflect the intensity of 
external climatic factors and the pressure to the 
city. The second principle is systematicness. It 
was debated that the health vulnerability to cli-
mate change can be impacted by various factors 
including economic development, society, and 
nature environments. Therefore, the indicators 
should be selected based on a systematical view 
and include the above factors. Feasibility is the 
third principle. All indicators must be clearly 
defined and be available. Otherwise, they are not 
useful if the data is not available. The last princi-
ple is universality which indicates that the indica-
tor system can be extrapolated to other regions or 
environments. In most studies, they first selected 
the indicators as many as possible by literature 
review and expert consultation. Then, the indica-
tors were carefully screened based on the above 
four principles. Finally, the indicator system was 
decided and began to collect the data.

10.5  Health Vulnerability 
to Ambient Temperature 
and Extreme Events

10.5.1  High Temperature and Heat 
Waves

High temperature and heat waves were the most 
common weather factors assessed for the health 
vulnerability in China. Seven of the 11 studies 
assessed the high temperature and/or heat waves 
health vulnerability. In the light of the significant 
spatiotemporal distribution patterns of health 
vulnerability in different locations in China, here 
we qualitatively reviewed the main findings in 
studies conducted in different regions.

Hainan is the most south province in China. It 
is also the only province totally covered by tropi-
cal climate in China. In the past two decades, the 
increase rate of high temperature days (TMax 
≥35  °C) was 1.91  days/year, which is signifi-
cantly higher than that in the 1930s (0.54  day/
year). Feng used the IPCC framework to evaluate 
the health vulnerability to high temperature and 

heat waves at county level. They selected 20 indi-
cators (3 exposure indicators, 6 sensitivity indi-
cators, and 11 adaptive capacity indicators) into 
the IPCC framework. The weight of each indica-
tor was quantified by primary component analy-
sis. The results showed that most regions in 
Hainan Province were high and mid-high vulner-
ability areas. The exposure to high temperature/
heat waves is high in the north and northwest 
region, medium in the central region, and low in 
south region. The sensitivity is high in central 
region and low in the south region. The distribu-
tion of adaptive capacity did not vary signifi-
cantly across Hainan Province. In summary, the 
health vulnerability to high temperature and heat 
waves was relatively higher in the north and cen-
tral regions in Hainan Province. These results 
could provide detailed information for the policy- 
making departments to make specific adaptation 
measures to reduce the heat vulnerability to the 
most vulnerable people [18].

Guangdong Province is located in South 
China covered by subtropical climate. High tem-
perature and heat waves were the major meteoro-
logical threats to public health in Guangdong 
Province [35]. Zhu et  al. have assessed the 
county-/district-level health vulnerability to heat 
waves and observed that the health vulnerability 
was higher in northern regions and lower in 
southern coastal regions. The vulnerability was 
gradiently decreased from northern to southern 
regions (Fig. 10.3). The counties that ranked the 
highest vulnerability were Lianzhou and Liannan 
located in Qingyuan City, and the county that 
ranked the lowest was Yantian District located in 
Shenzhen City. In the Lianzhou and Liannan 
counties, people had lower adaptive capacity to 
heat waves due to the lower economic develop-
ment [25]. In another study conducted in 2016, 
Luo et al. have also assessed the health vulnera-
bility to heat waves in Guangdong using a two- 
dimensional framework (sensitivity and adaptive 
capacity). They observed similar results with Zhu 
et al.’s study that the regions with higher sensitiv-
ity to heat waves were located in the west and 
north areas of Guangdong Province and that the 
east area and Pearl River Delta had lower sensi-
tivity. The Pearl River Delta had the highest 
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adaptive capacity for heat waves, meanwhile the 
east and southwest areas had the lowest adaptive 
capacity to heat waves [32]. With the increasing 
trend of heat waves globally, they suggested that 
more resources should be allocated to the regions 
with higher vulnerability.

Tibet is a province located in Tibetan Plateau, 
Southwest China. It has been identified that Tibet 
is one of the regions most vulnerable to climate 
variability and change in the world [36]. 
Temperature in that region has been increased by 
0.50 °C/decade during the past 30 years, which is 
much faster than that observed in China or Asia 
[37]. Bai et al. assessed the spatial distribution of 
heat vulnerability in Tibet area. They observed 
similar distribution of cumulative heat vulnera-
bility between the urban and rural areas. However, 
in some areas such as Ngari, the heat vulnerabil-
ity was lower in rural residents than in urban resi-
dents. In contrast, the heat vulnerability was 
higher in urban residents then in the rural resi-
dents, such as in Lhasa area. In the entire urban 
areas, they found higher vulnerability in the mid-
dle, northwest, and east areas of Tibet. In rural 
areas, they found high vulnerability clustered in 
western, central, and southeastern areas of Tibet. 
In addition, they found a lustering of lower vul-
nerability in Nyingchi area in southeastern Tibet. 
Generally, the heat vulnerability was higher in 

high-altitude counties because the people in these 
areas were more sensitive and had low adaptive 
capacity to high temperature (Fig.  10.4). They 
suggested that more targeted adaptation strate-
gies are particularly needed for the residents in 
these areas [29, 30].

Chen et al. investigated the distribution of heat 
vulnerability at county level in Jiangsu Province 
located in East China. Their results revealed that 
the vulnerability was higher in central areas, but 
the heat exposures in southern areas were higher 
than counties in other areas (Fig. 10.5). In addi-
tion, the vulnerability level was negatively asso-
ciated with the urbanicity level (Fig. 10.6). Their 
results indicate that the heat exposure level does 
not equate to vulnerability level, since the heat 
impacts were also determined by non-climate 
factors. The urban areas had lower vulnerability 
because the proportions of vulnerable popula-
tions were lower. They suggested that more 
enhanced adaptation plans are needed in the non-
urban areas in China that is confronting serious 
climate change [31].

Wan assessed the heat vulnerability in the 
urban and suburb areas in Jinan, the capital city 
of Shandong Province by dividing 13 indicators 
into 4 dimensions. The weight of each indicator 
was estimated by a logistic regression model. 
They observed that the sources of health 
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 vulnerability to high temperature were different 
between the urban and suburb areas in Jinan City. 
In the center of urban area, health vulnerability 
induced by health condition, social connection, 
and living environment was relatively higher. In 
the suburb areas, health vulnerability was mainly 
caused by perception, adaptive behaviors, eco-
nomic conditions, living resources, and working 
environments. Therefore, they suggested that 
specific adaptive measures are needed in the 
urban and suburb areas. For example, the heat 
island in the urban areas could be attenuated by 

good city planning. However, in the suburb areas, 
infrastructure projects are urgently needed, such 
as cooling center, tap water and electric power 
supply, and communication facilities [27].

Wang evaluated the spatial and temporal dis-
tribution of heat wave vulnerability in Beijing, 
Shanghai, and Chongqing, three metropolises 
in China, employing the IPCC vulnerability 
assessment framework [23, 24]. Both analytic 
hierarchy process (AHP) and entropy weight 
methods were employed to quantify the weight 
of each indicator. He found that whether the 
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urban area under the influence of heat wave is 
the most significant factor in urban heat wave 
vulnerability. Comparing the vulnerability 
among the three cities, the heat wave vulner-
ability in Shanghai is the highest and then fol-
lowed by Chongqing and Beijing, respectively. 
Temporally, the heat wave vulnerability of 

Beijing shows a decreasing trend and that in 
Shanghai and Chongqing shows an increasing 
trend from 2004 to 2013. It was debated that 
their locations and climatic types were the 
major reasons of this spatial variation. Beijing 
is located in relatively higher-latitude regions, 
while the other two cities are located in rela-
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tively lower-latitude regions. Beijing had less 
frequency of heat wave events than Shanghai 
and Chongqing. In addition, the adaptive capac-
ity in Beijing increased significantly during 
2004–2013. However, the increasing of adap-
tion capacity in Shanghai and Chongqing is 
largely surpassed by the increasing of exposure.

10.5.2  Floods

Two studies were found to assess the flood vul-
nerability in Guangdong and Guangxi provinces, 
both of which were located in South China. Hou 
employed the IPCC vulnerability framework 
to assess the health vulnerability to floods in 
Guangxi Province. They observed higher vul-
nerability in north area than in south area of 
Guangxi Province. Baise, Hechi, and Guilin pre-
fectures are the most vulnerable areas to flood-
ing, which is a different view from conventional 
one. In the past 60 years, Guilin and Baise pre-
fectures have experienced the most floods in 

Guangxi Province. Baise and Hechi had the low-
est adaptive capacity to flooding (Fig. 10.7). He 
suggested that the local decision-makers need to 
consider reallocating resources, providing more 
policies and founding support to these areas, 
especially for Baise and Hechi prefectures, to 
help local communities increase their adaptive 
capacities [19].

In the second study, Zhu et  al. assessed the 
spatial distribution of health vulnerability to 
floods using IPCC vulnerability framework in 
Guangdong Province. The results showed that the 
areas with higher health vulnerability were 
mainly distributed in the coastal areas, Beijiang 
River Delta, east areas of Dongjiang River Delta, 
and north areas of Pearl River Delta. The areas 
with relatively lower vulnerability levels were 
located in several counties in Zhaoqing, 
Dongguan, Foshan, and Heyuan cities. In addi-
tion, the results using different weighting meth-
ods (analytic hierarchy process vs. principal 
component analysis) were consistent [26] 
(Fig. 10.8).
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10.5.3  Other Weather Factors

Fewer studies were conducted in China to evalu-
ate the health vulnerability to other weather fac-
tors. Up to date, we have retrieved two studies that 
have assessed the vulnerability to natural disasters 
such as cyclones and droughts. Tan et al. assessed 
the general health vulnerability to climate change 
in Xinjiang and Ningxia provinces using the IPCC 
framework. Natural disasters and climatic varia-
tion were included in the assessment framework 
which contained 31 indicators. They observed 
that people in Xinjiang Province were more vul-
nerable to natural disasters and climatic variation 
vulnerability than people in Ningxia Province. 
The vulnerability in Xinjiang Province mainly 
came from demographic characteristics and social 
networks. By contrast, the vulnerability in 
Ningxia Province was mainly inducted by food 
and water supply [22]. In the second study, 
Christenson et al. assessed the global distribution 

of population exposure to cyclones, droughts, and 
floods and observed that Hong Kong and Macao 
were listed in the first and third place in the multi-
hazard exposure rank. However, they did not 
assess the total health vulnerability to those 
weather events [28].

10.6  Summary

Climate change is the biggest global health threat 
of the twenty-first century [38]. Health vulnera-
bility assessment can help stakeholders and 
health departments better understand the sub-
group of population and areas that are more sus-
ceptible to the health impacts of climate change, 
implement targeted actions to reduce these health 
impacts, and even increase the equity of social 
and economic development. In this chapter, we 
symmetrically reviewed the studies on health 
vulnerability to climate change in China. We are 
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glad to see that the health vulnerability assess-
ment tool has been gradually employed to help 
policy-makers and stakeholders in China to com-
prehend the health impacts and vulnerability dis-
tribution of climate change. We believe these 
scientific results could help Chinese government 
to better adapt to the climate change. Meanwhile, 
several points need to be concerned:

 (a) The number of studies is still inadequate, and 
the assessments were conducted in only sev-
eral provinces. In addition, the health vulner-
ability metrics varied in different studies, 
which has led to the incomparability between 
studies. As a result, it is difficult to integrate 
these results at the national level. There is 
still exited unbalanced social and economic 
development in current China. The distribu-
tion of health vulnerability may largely differ 
between regions. Therefore, nationwide 
health vulnerability studies are wanted.

 (b) Most studies assessed on heat vulnerability. 
Other weather factors and extreme events such 
as low temperature, cold spell, drought, and 
cyclones were seldomly assessed. It has been 
demonstrated that these extreme events in par-
ticular cold spells may lead to more health 
impacts than heat waves in warmer regions [10]. 
In addition, China is a vast geographical territory 
with contrasting climatic characteristics. The 
major weather factors impacting human health 
may largely differ. Hence, local specific studies 
are also needed to identify the major types of 
weather factors and the distribution of health 
vulnerability, which could provide the explicit 
information the local policy-makers and stake-
holders to make corresponding adaptation mea-
sures to deal with the potential climate change.

 (c) Few studies were conducted to assess the 
health vulnerability to climate change in 
population with different characteristics. 
Such studies could provide more correspond-
ing information to take actions to protect the 
most vulnerable groups of people.

 (d) In the process of health vulnerability assess-
ments, the selection of indicators and their 
weightings was the critical step. In most previ-
ous studies, the unavailability of data is an 

important restriction on the indicator selection, 
which has led to some important indicators 
excluded, such as prevalence of air-condition-
ing usage, cooling fan usage, occupational 
exposures, and local building environments. 
Moreover, inclusion of different indicators may 
have led to different assessment outcomes. The 
ongoing information construction across China 
integrating different departments may partially 
overcome these restrictions in the future.
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Abstract
This chapter examines heat-related health 
effects and suggests public health adaptation 
strategies to heat waves in China. Due to cli-
mate change and urban heat island effects, a 
future increase in extreme heat events could 
lead to excess heat-related mortality and 
morbidity in urban populations. However, 
the risk of heat exposure is not evenly distrib-
uted. Some demographic groups are more 
prone to heat-related illnesses, such as out-
door workers, children, the elderly, and peo-
ple with preexisting health conditions. 
Furthermore, population aging and acclima-
tization limits both present challenges for 
adapting to a warmer climate in China. 
Considering these challenges, this chapter 
identifies several adaptation strategies to 

address the health impacts of heat waves and 
discusses the issues of implementing these 
policies and measures. For example, heat-
health action plans require the government to 
coordinate with supporting agencies for 
deciding the timing of activation and deacti-
vation. Heat-health warning systems can also 
be developed based on temperature thresh-
old, but this threshold varies in different cit-
ies. During heat waves, real-time surveillance 
data can provide early detection of heat-
related health threats. In addition, the gov-
ernment can use heat vulnerability mapping 
to identify populations susceptible to heat 
waves and provide adequate healthcare and 
social services for these vulnerable groups. 
Identifying vulnerable populations alone is 
insufficient, as effective risk communication 
is also required for behavior change, includ-
ing personal heat exposure reduction strate-
gies. Finally, climate-sensitive urban 
planning such as optimizing building design 
and urban greening would alleviate the 
adverse health impacts of heat waves in 
China.
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11.1  Introduction

Countries worldwide have experienced numer-
ous extreme heat events in the early twenty-first 
century, such as Europe in 2003, Russia in 2010, 
and Southeast Asia in 2016 [1]. These events 
were associated with increased rates of mortality 
and morbidity, with higher risks among vulnera-
ble groups including outdoor labors, children, the 
elderly, and people with preexisting chronic 
diseases.

Most of the adverse health effects of hot 
weather are preventable, which can be achieved 
by appropriate and effective public health 
response, including strategies for short-term 
measures, medium-term preparedness, and long- 
term plans. In this chapter, we aim to reflect the 
work on epidemiological evidence about heat- 
related health effects, drawing attention to popu-
lation susceptibility to heat, as well as the 
development of public health adaptation strate-
gies to cope with problems associated with cur-
rent and future heat waves in China.

11.2  Defining the Problem

Heat wave commonly refers to an extended 
period of unusually hot weather, but it seems 
that there is no simple definition. In general, 
magnitude, duration, and frequency are essen-
tial to constitute a heat wave, but the definition 
varies depending on the meteorological vari-
ables or health outcomes of interest. One debat-
able issue exists concerning definitions based on 
absolute temperatures versus percentiles. 
Absolute temperatures are important for human 
biophysical heat tolerances, but percentiles may 
be comparable across different areas and time 
scales given differences in acclimatization and 
preparedness [1]. Another issue arises because 
of the strong association between humidity and 
thermal stress in humans. Thus, “apparent tem-
perature” or “humidex” [2], which combines 
temperature and humidity, is also a choice to 
define heat waves.

The trend of more heat events with increasing 
global temperature is ubiquitous. The 
Intergovernmental Panel on Climate Change 

(IPCC) concluded a 0.85 °C temperature rise has 
been detected from 1880 [3]. Fischer and Knutti 
[4] claimed that temperature rise by 0.85  °C is 
high enough to cause roughly 75% of moderate 
heat extremes globally. In an analysis from 217 
urban areas around the world, Vimal et  al. [5] 
found more than 50% of cities experienced a sig-
nificant increase in extreme heat events. The 
same trend has been reported in China as well. 
Since the end of the twentieth century, annual 
mean surface temperature has risen by 0.5–
0.8  °C, the frequency of extreme hot days 
(Tmax > 35 °C) has increased at a rate of 0.12 days 
per decade, and annual averaged minimum tem-
perature has increased at a rate of 0.3  °C per 
decade (Fig. 11.1) [6].

Heat waves can cause a wide range of health 
problems (Fig. 11.2). A rise of 1  °C above the 
local unusually hot threshold may account for 
1–3% increase in all-cause mortality [8–10]. The 
increased mortality is mainly attributed to 
cardio- cerebrovascular system, central nervous 
system, and respiratory system, which are highly 
sensitive to heat [11, 12]. Compared with mor-
tality, heat-related morbidity is less well studied 
for that death data are easier to access around the 
world [13]. Research so far has also shown 
inconsistent findings on morbidity. For example, 
during heat waves, increases in ischemic heart 
disease and stroke were found in California [14], 
while the rising number of respiratory and renal 
diseases was illustrated in London [15]. In gen-
eral, the rising number of emergency hospital-
ization is mostly attributed to heat-related 
illnesses, such as heat stroke, dehydration, and 
electrolyte disturbances, as well as preexisting 
diseases with other International Classification 
of Diseases (ICD) chapters but actually related 
with heat, such as cardio-cerebrovascular dis-
eases, respiratory illness, chronic renal diseases, 
reduced function of central nervous, and mental 
disorders [12].

The exposure-response relationship between 
temperature and mortality or morbidity is usually 
found to be U-, V-, or J-shaped, with increasing 
risk at upper end of the temperature scale [16]. 
However, the impacts of heat waves may be not 
restricted to the time period in which the event 
occurs which shows a lag effect ranging from the 
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Fig. 11.1 (a) Variation of the annual averaged extreme hot days (daily Tmax > 35 °C) during 1951–2007 and (b) average 
annual minimum daily temperature during 1961–2007 in China. Adapted from Luo et al. [6]
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same day to 3 days [16, 17]. Moreover, the interac-
tions between air pollution and high temperatures 
on health should not be ignored in many cases. Air 
pollutants such as particulate matters, ozone, and 
carbon monoxide are often associated with 
increased mortality at high temperatures, usually 
causing cardiovascular and cardiopulmonary dis-
eases, and also the impact varies across regions 
[18]. In general, the adverse health effects are 
location-specific and seem to change over time as 
well [19]. Therefore, systematic collection and 
tracking of health outcomes are important for both 
assessing heat-related health effects among vul-
nerable groups and monitoring heat adaptation 
over time.

11.3  Understanding 
Susceptibility

As heat exposure is normally perceptible, it is 
relatively easy for exposed individuals to escape 
from thermal environments. However, individual 
behavior or ability in coping with heat events is 
often influenced by socioeconomic, behavioral, 
cultural, and other factors. Recent studies have 
identified multiple vulnerable subgroups, includ-
ing outdoor workers, children, the elderly, peo-
ple with preexisting diseases, urban residents, 
and those with low socioeconomic status [20].

11.3.1  Outdoor Workers

Outdoor workers are especially vulnerable 
because they are easy to accumulate excessive 
heat in the body during daytime extremes. Heat 
accumulation mainly roots in external heat 
 exposure (high air temperature and solar radia-
tion) and internal metabolic heat production due 
to heavy physical labors [21]. Required personal 
protective equipment may also increase work-
ers’ thermal storage. Furthermore, outdoor 
workers may be exposed to extra occupational 
hazards (like exhaust fumes, hot asphalt, and 
pesticides) [22]. Agriculture and construction 
are the most severely influenced outdoor sec-
tors, but groundskeepers, transportation, and 

mining workers are also reported at the high 
risk of occupational heat-related health effects 
[23, 24].

11.3.2  Children and the Elderly

Children are sensitive to heat because of their 
developing organs and nervous systems, imma-
ture cognition, rapid metabolisms, limited experi-
ence, and behavioral characteristics [25]. Studies 
have found that children aged under 5 were at a 
significantly higher risk for heat stroke when 
playing outdoors because they are usually less 
equipped on many fronts to deal with heat stress 
and may lack appreciation about heat- related ill-
nesses [26]. The vulnerability of older people is 
mainly due to the degeneration of thermoregula-
tory system, the increase of comorbidities, as well 
as medication use [27]. During the 2003 heat 
waves in Paris, the elderly over 75 accounted for 
>80% of the total excessive death [28]. However, 
many senior people were less tend to take protec-
tive measures during heat waves because of the 
under-appreciation of their vulnerability [29].

11.3.3  Preexisting Diseases

Cooling is usually achieved physiologically by 
increasing skin blood flow and sweating. The 
condition of the cardiovascular system as well as 
the endocrine, urinary, and integumentary sys-
tems will influence the heat dissipation progress 
[30]. Therefore, people with specific diseases 
which compromise the cooling mechanisms may 
be more susceptible to heat (e.g., cardiovascular 
and cerebrovascular diseases, renal diseases, 
respiratory diseases, diabetes, and mental disor-
ders) [31–33]. Some medications used to treat 
physical and mental illnesses, such as prescribed 
antipsychotics, antidepressants, and antihyper-
tensive drugs, may reduce the sensory perception 
of surrounding heat or inhibit thermoregulation. 
For example, thirsting and sweating progresses 
can be compromised [34, 35]. Thus patients tak-
ing these medications are at a higher risk during 
heat waves [36].
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11.3.4  Urban Residents

Urban residents now comprise over half of the 
world’s population. The temperature difference 
between urban regions and the surrounding rural 
areas ranged from 1 to 6  °C [37]. The reliable 
explanations on “urban heat island effects” 
include high thermal absorption in daytime and 
heat emission at night by pavements and build-
ings, lack of green space, and reduced airflow 
around high crowded buildings [31, 38–40]. With 
the rapid urbanization and population migration 
in China, more people are swarming into big 
coastal and southern cities. People used to live in 
cooler northern China may not adapt to the hot 
and wet climates in Southern China [41]. 
Moreover, people from cooler regions are usually 
not well acclimated and less likely to use air- 
conditioner, which could contribute to greater 
heat-related mortality and morbidity [12]. 
Research has also shown that the minimum tem-
peratures for fatal heat-related illnesses decrease 
with increasing latitudes [42]. The differences 
between physiologic and technologic adaptations 
adopted by local residents could result in various 
health event thresholds [12].

11.3.5  Socioeconomic Factors

Income was associated with heat-related mortal-
ity at the neighborhood level in Hong Kong, 
China [43]. Plausible underlying explanation 
may include the following: (a) low-income indi-
viduals are less willing to respond to heat warn-
ings or pay for transportation to cooler locations 
[44]; (b) low prevalence of air-conditioning, lack 
of medical care, and health insurance shortage 
[31, 44]; and (c) housing characteristics. Well- 
insulated homes were reported to have a protec-
tive effect against heat-related mortality, whereas 
individuals in older buildings with poor thermal 
insulation function were at a higher risk [45].

During the 2003 heat wave in Europe, higher 
education was reported as a protective factor of 
heat-related illnesses [46]. The composition of 
neighborhood education was related to the heat- 
associated mortality, whereas the results were 

mixed when considering education effects at the 
community level [47]. Other factors which are 
related with educational level, such as income 
inequality, distinction of occupations, or percep-
tion of heat events, may also affect the risk of 
heat-related illnesses.

Social isolation is usually reported as a risk 
factor of heat-related illnesses. People at higher 
risk typically have limited association with their 
relatives, neighbors, or social services (like 
unmarried or widowed, living alone, the elderly, 
the poor and homeless, and physically disabled) 
[48]. Social isolation may be a consequence of a 
physical, mental, or cognitive damage according 
to existing studies [39].

Summary indicators of socioeconomic status 
have also been applied to explore the vulnerable 
populations in heat waves. Summary indicators 
may have advantages in modeling the latent class 
represented by the combination of individual fac-
tors, and it is statistically advantageous when the 
components are strongly associated. However, 
the summary measure does not provide informa-
tion concerning the individual effects of income 
or education on the vulnerability [43].

11.4  Future Drivers

11.4.1  Climate Change

Base on the observations worldwide, the IPCC 
has concluded that climate change has hap-
pened on a global scale. Though the Paris 
Agreement has set goals of limiting the warm-
ing within 2 °C and called on efforts on limiting 
temperature rise within 1.5 °C above pre-indus-
trial levels, we will still facing deteriorated heat 
wave exposure with increasing intensity and 
frequency. According to Dosio et al. [49], in a 
1.5 °C warming world, most regions at low lati-
tudes will be affected by severe heat events, but 
the frequency of these events will even double 
with a 2  °C warming compared with 1.5  °C 
warming (Fig. 11.3). As for the affected people, 
13.8% of world’s population will be frequently 
exposed to severe heat events at a 1.5 °C warm-
ing, while the number will triple with a 2  °C 
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warming. The majority of population in China 
lives in mid- and low- latitude areas, which are 
expected to experience more heat waves. Sun 
et  al. [50] found that current probability of 
extreme warm summer in China has increased 
by 60 times compared to historical level of the 
1950s and projected that about 50% of sum-
mers in the next two decades will be hotter than 
that in 2013 under the moderate emissions sce-
nario (RCP4.5), which will pose severe health 
threats.

11.4.2  Rapid Urbanization

There is about 54.7% of population living in 
urban areas globally in 2018, and this figure will 
reach 68.4% by 2050 [51]. The rapid urbaniza-
tion has influenced our environment profoundly. 
Buildings absorb more solar radiation, green-
house effect reduces heat escaping into space, 

and these make urban areas warmer than sur-
rounding areas. The extra heat could exacerbate 
health impacts of heat waves. A study in the UK 
found that urban heat islands (UHI) contributed 
half of heat-related deaths, and health impact 
assessments ignoring regional difference of 
temperature resulted in a 20% underestimation 
in mortality [52]. China has observed a huge 
migration from rural to urban since the reform 
and opening-up policy in 1978. The number of 
cities increased from 193  in 1978 to 657  in 
2016. This transformation not only manifested 
in the expending of built-up area but also the 
proportion of urban residents, as in Fig.  11.4. 
The proportion of urban population rose from 
17.9% in 1978 to 58.5% in 2016 and is esti-
mated to reach 80%, with the urban population 
increasing to 1.09 billion by 2050. The continu-
ous growth of urban residents may increase the 
exposed population and present severe chal-
lenge to health sector [51].

a
ERA Interim 1980-2010 Models 1976-2005

Models +1.5°C Models +2°C

b

c

5.00 10.00 20.00 40.00 80.00
HWMid Max.

Change is significant Change is robust

d

Fig. 11.3 Present and future distribution of heat waves. 
(a) Heat Wave Magnitude Index daily (HWMId) observed 
during 1980–2010. (b) Modeled maximum magnitude 
during 1976–2005. (c) Projected maximum magnitude in 

a 1.5 °C warming world and (d) a 2 °C warming world.  
Source from an Open Access article: [49]. (https:// 
iopscience.iop.org/article/10.1088/1748-9326/aab827/
meta)
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11.4.3  Population Aging

Population aging is the case for most countries. 
Advanced age represents one of the most signifi-
cant risk factors for heat-related health effects. 
According to the United Nations [54], China is 
one of the fastest aging countries, and one-tenth of 
its total population is aged 65 years and above in 
2017. It is also projected that by 2050, population 
aged 65 years and older will reach 359 million, or 
26.3% of total population in China (Fig.  11.5). 
Elderly people usually have diminished physio-
logical heat adaptation ability due to poorer ther-
moregulation and suffer from underlying diseases, 
such as coronary heart disease and chronic lung 
disease. The elderly are more likely to live alone 
and have reduced social contacts. Therefore, the 
social and physiological vulnerabilities to heat 
waves will increase greatly because of a larger 
proportion of elderly people in the near future.

11.5  Acclimatization Limits

Considering that humans have already tolerated a 
wide range of climate, many people are optimis-
tic that humans will simply adapt to future 

increasing temperature. Previous studies indi-
cated that heat-related mortality varied among 
different regions [8, 9]. It usually attributes to 
behavioral and technological adaptation as well 
as physiological acclimatization. Taking the time 
horizon into consideration, it has aroused intense 
discussion in academia if humans can  acclimatize 
to future increased heat exposures due to climate 
change.

Sherwood and Huber [55] concluded that 
when global mean temperature increases by 7 °C, 
metabolic heat dissipation would become impos-
sible in some regions due to the human limits to 
heat tolerance. When the mean global tempera-
ture increases by about 11–12 °C, these regions 
would expand to encompass most of today’s 
human habitation. Since it becomes difficult to 
dissipate metabolic heat, it would induce hyper-
thermia in humans and other warm-blooded ani-
mals when body temperature exceeds 35 °C for 
extended periods. Sherwood and Huber [55] pay 
much attention to the variation of mean tempera-
ture conditions and the relevant variation of max-
imum temperatures distribution during a few 
centuries. They found that, though the variation 
of mean global temperature is little, it is more 
likely to exceed physiologically tolerable thermal 
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limits when mean temperature is higher. If mean 
global temperature increases above 4–6  °C, 
human biology may be physiologically maladap-
tive to the new thermal environment.

From an evolutionary perspective, biological 
evolution is a long process. Fossil records indi-
cate that the slow undulatory processes of global 
cooling during the past 65 million years have led 
to the increased body size of warm-blooded 
mammalian. Thus, they could reduce heat dissi-
pation to the external environment. During the 
evolution of nanoseconds over the next few cen-
turies, it would be impossible for human mam-
mals to go through useful genetic acclimatization. 
There is no denying that the population has expe-
rienced an exponential increase from millions to 
billions. When gene pool is larger, it is faster to 
respond to the variation in environment and inter-
breeding between regional genetic strains will 
increase. Nevertheless, many scientists warned 
that it will not be possible for biological evolu-

tionary adaptation to a warmer climate in a few 
hundred years [56].

Apart from the perspective of physiology or 
evolution, a hotter world will not only be less liv-
able, it will also reduce productivity, which will 
become an obstacle to acclimatization in return. 
It is due to the interruption of the production pro-
cess in nature that we rely on and because of the 
impaired work capacity in overheated conditions 
[57]. Zander et al. [58] analyzed estimates of job 
absences and performance degradation of about 
2000 workers resulting from heat during 2013–
2014 in Australia [58]. Around 75% respondents 
said that heat exposure in the workplace had 
affected their work efficiency. The authors then 
conducted further research and found that the 
cost for one person was about annual 655 US dol-
lars. Through speculation, this study shows that 
the cost for the Australian economy is about 6.2 
billion US dollars (accounted for 0.4% of GDP in 
2014). Until now, however, many governments 
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have not fully realized that heat exposure had a 
profound impact on work ability and economy 
productivity nor take them into consideration of 
future projections and plans for social and eco-
nomic development [59].

11.6  Public Health Response 
and Adaptation Strategies

Public health adaptation aims to reduce undesir-
able health impacts or enhance resilience to heat 
waves through short- and long-term actions 
[60]. However, adaptation strategies may fall 
into autonomous and planned actions [61]. 
Although autonomous adaptations can occur 
without coordinated scheming in individual or 
community levels, and are usually reactive by 
nature, well- planned adaptations will involve 
deliberate policy actions with conscious inter-
vention basing on anticipated risks. Thus, plan-
ning ahead is more important for public health 
communities to cope with the adverse effects of 
heat waves.

11.6.1  Adaptation Policies

Many government authorities have developed 
multiagency and intersectoral policies or regula-
tions in response to heat events. Among these 
policies, heat-health action plans (HAPs) are core 
policy elements in public health adaptation to 
heat waves. Developing an effective HAP 
requires a lead agency which coordinates with all 
participating or supporting agencies and sets cri-
teria to determine the threshold for HAP’s activa-
tion and deactivation in city-specific setting. This 
lead agency also sets a risk communication and 
public education plan to deliver heat-related 
health information, detects high-risk populations, 
and determines ways to reach most vulnerable 
groups [62, 63].

Developing and participating HAPs among 
agencies and public could help decrease adverse 
health impacts of heat and heat-related mortal-
ity [64–66]. For example, public health authori-
ties in Montreal city of Canada developed a 

heat-health action plans in 2004, which would 
be activated when forecast temperatures exceed-
ing 30 °C (86 °F). After a revision in 2012, the 
current Montreal heat response plan (MHRP) 
comprises five levels, including normal, sea-
sonal watch, active watch, alert, and interven-
tion. Different actions such as public advisories, 
risk information transmission, intensified sur-
veillance, and air-conditioned shelter opening 
will be taken depending on different alert levels 
[67]. Benmarhnia et  al. [68] reported that the 
actions of MHRP have been proved effective in 
reducing heat-related mortality by 2.5 deaths 
per day when extreme heat occurred (Fig. 11.6).

In 2012, the Chinese state government has 
released the Administrative Measures on 
Heatstroke Prevention (AMHP2012) to address 
intensive heat events. Some critical countermea-
sures in this regulation include applying new 
materials and technologies, constructing protec-
tive equipment, and monitoring and examining 
health status of labors. In addition, this regulation 
requires the employers to adjust shift time on the 
basis of weather forecasting and pay high- 
temperature subsidies to workers during hot days. 
More importantly, once diagnosed as  occupational 
disease due to occupational heat exposure, labors 
have every right to enjoy the treatments of indus-
trial injury insurance regulations. However, to the 
best of our knowledge, until now there is no 
research on how AMHP2012 is implemented and 
whether it has an effect on protecting occupa-
tional health.

11.6.2  Heat-Health Warning Systems

Heat-health warning systems (HHWSs) were 
developed to cope with impending hazardous hot 
weather and to provide advice on protecting 
health from extreme heat evens [70]. The 
HHWSs have been widely deployed in many 
areas around the world [71, 72]. The operation of 
an HHWS involves local weather forecasting 
and extreme weather identification, the determi-
nation of specific and sensitive trigger threshold, 
risk communication, and action recommenda-
tion [61, 73, 74].
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Figure 11.7 shows the typical process within 
an HHWS. The standard for triggering warnings 
varies based upon differential nature of heat- 
health relationships in different local scales. 
Defining accurate locally specific temperature 
thresholds is particularly significant for issuing 
heat warnings, as well as timely risk communica-
tion and public health interventions [70]. In many 
settings, prediction of health consequence due to 
heat waves is feasible basing on developed asso-

ciations between extreme heat events and adverse 
health outcomes [76]. An effective HHWS would 
inform the public on how to achieve health pro-
tection and stay safe during extremely hot days.

In China, HHWSs have been set up in several 
cities such as Shanghai, Nanjing, and Harbin. 
According to the stipulations of the National 
Emergency Response Plan for Public Health 
Emergencies released by the State Council of 
China in 2006, China has a four-tier warning 
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including extremely serious, serious, major, and 
ordinary levels. Red alert represents the most 
severe, followed by orange, yellow, and blue 
alert. In Shanghai, HHWS was established in 
2001 and is triggered when air mass with higher 
mortality level is predicted [77]. A series of oper-
ations, such as risk dissemination through vari-
ous media, health education, mobilization of 
medical and public services, and maintenance of 
water and cooling facilities, are performed by the 
Shanghai Municipal Health Bureau, in collabora-
tion with other supporting agencies. Compared 
with 1998 heat wave, it is suggested that the suc-
cessful implementation of HHWS in Shanghai 
was responsible for lower mortality in the 2003 
heat wave [66].

11.6.3  Risk Communication 
and Behavior Change

It is difficult for institutional arrangement to 
achieve an effective response to heat events with-
out individual participation. The public should 

know what heat waves are, which health effects 
of heat waves they may be sensitive to, and what 
actions they can take to protect themselves from 
heat events [61]. However, a unique challenge in 
risk communication about heat waves exists in 
public health campaign due to the following rea-
sons [34]. First, unlike other disasters, heat waves 
are less sudden and dramatic. Second, the haz-
ards posed by heat waves gradually aggravate as 
the exposure duration extends, because the abil-
ity of a person to tolerate excessive high tempera-
ture will gradually diminish. Moreover, one’s 
perceived threats to heat waves also gradually 
diminish with the duration of heat waves, and this 
will lead to demotivation of adaptive behaviors.

Fundamentally, whether risk communication 
and other interventions lead to changes in indi-
vidual behavior is the key to determining whether 
public health can successfully prevent heat- 
related mortality and morbidity [34]. Although 
extremely high temperatures could be lethal, the 
public is not well aware of the dangers of heat 
exposure. Many people at risk do not know their 
dangerous situation or are reluctant to take coun-
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data/experience 

Weather forecast

Selection of heat 
event definition 

Warning criteria

No Yes

Warning

Seasonal 
awareness

Education and 
information 

Specific
interventions

Target groups
communication

Criteria fulfilled

Fig. 11.7 Flow diagram 
displaying the operation 
of a typical heat-health 
warning systems. 
Adapted from Kalkstein 
[75]
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termeasures [78]. Some people might have 
knowledge about heat risks, but their knowledge 
of adaptive behavior is limited [79]. Additionally, 
economic factors can hinder adaptive behaviors. 
For those who live on a fixed income or with low 
social economic status, air-conditioning cooling 
during high temperatures means a big economic 
burden, and many of them would rather tolerate 
with heat waves than pay for air-conditioning. 
Worse still, some of them do not even have any 
cooling facilities in their home [80].

Therefore, a sound and concrete risk commu-
nication and public education program are neces-
sary, especially in transforming risk perception 
into behavioral adaptation. Public health activi-
ties should not only raise general awareness of 
heat waves but also offer practical advice and 
indeed help [61]. The World Health Organization 
recommends that risk communication should 
actively reach out to vulnerable groups, con-
stantly pay attention to their health status, and 
provide them with advice on heatstroke preven-
tion and cooling, instead of just distributing bro-
chures [74].

11.6.4  Provision of Healthcare 
and Social Services

A heat warning system alone will not save lives 
without effective interventions and services that 
are prompted by the warning. The delivery of 
healthcare services is challenged in summer espe-
cially during extreme heat events, when it is nec-

essary to achieve maximum coverage of the 
population, reaching the poor and socially vulner-
able [61]. Working in hot environments can poten-
tially threat the health of workforces as well. 
Health workers may be reluctant to work when a 
severe heat wave comes, although the situations 
will harm their own health and safety. Such reluc-
tance will further exert pressure on healthcare sys-
tem, which is already overcrowded and stretched 
[81]. Therefore, hospitals, emergency centers, and 
public health system should consider to hiring 
more health workers and increase their work 
shifts during hot days.

Social isolation and other adverse social fac-
tors can further deteriorate vulnerability to heat 
[82, 83], and the health sector should take them 
into consideration. Healthcare delivery should 
match to the demands of the most vulnerable 
populations by the collaboration among health 
sectors, social departments, and other 
community- based organizations. The most 
appropriate plan is to recognize the most advis-
able and suitable choices on the basis of the 
structure of local healthcare and social service 
systems [61, 74]. Bell [84] suggested a whole-
of-systems approach for climate change includ-
ing five areas or domains of health services: 
governance and culture, service delivery, work-
force development, material infrastructure, and 
finance (Fig. 11.8). This approach may provide a 
useful framework in terms of involving a wide 
range of health and community services that 
could feasibly be part of government or commu-
nity responses to heat waves.
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health services
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specific health 

outcomes

The education 
approaches to 

increase
workforce 
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The physical 
assets of health 

care services

The economic 
aspects of health 

care services

Governance 
and Culture

Service 
Delivery

Workforce 
Development

Material 
Infrastructure

Finance

Regional-level health service development for climate change

Fig. 11.8 Definition of a whole-of-systems approach to developing health services for climate change. Adapted from 
Bell [84]
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11.6.5  Heat Exposure Reduction

Reducing personal heat exposure is an important 
protection measure during extreme hot days. Due 
to the limitation of physiological adaption capac-
ities, there is a limit to the extent of heat exposure 
that one can bear with [74, 83, 85]. Staying in 
cool place can strongly protect population from 
heat-related illnesses and deaths [34]. Strategies 
include access to natural ventilation, air- 
conditioning, and cooling centers.

Natural ventilation, including using fans or 
opening window, is a long-standing strategy to 
reduce heat exposure. However, Ravanelli et al. 
[86] suggested that working fans are less effec-
tive and even harmful when the ambient tempera-
ture or relative humidity (RH) exceeds a certain 
limit (e.g., upper limits were 80% relative humid-
ity at 37 °C or 50% relative humidity at 42 °C in 
the USA). This might because without air- 
conditioning, fans were actually circulating hot 
air rather than cool air. Beyond the threshold, 
fans may increase heat stress by evaporating 
sweat and blowing hot air over the skin.

Air-conditioning has been proved to reduce 
heat-related mortality effectively. Previous stud-
ies revealed that heat mortality decreased with 
household air-conditioning widespread in 
Chinese cities [66, 87]. However, some research-
ers oppose the frequently use of air-conditioning. 
For one reason, air-conditioners emit waste heat 
to outdoor environment during operation. Ohashi 
et  al. [88] estimated the waste heat causing a 
higher temperature in Tokyo office areas by 
1–2 °C or more on weekdays. For the other rea-
son, relying on air-conditioners may actually 
increase population vulnerability. Once blackout 
occurs and air-conditioning is not available, indi-
viduals who have come to depend on it may have 
trouble getting through heat waves by other 
means. Lin et  al. [89] found a stronger adverse 
effect of the blackout in New York City in 2003 
than on comparable hot days.

Access to cooling centers is another efficient 
way to reduce heat exposure [48]. In China, cool-
ing centers have been set up by the Office of Civil 
Air Defense since the twenty-first century. A total 
of 153 cooling centers built in Henan Province 

can accommodate 210,000 people at a time. 
Centers will open from July to September during 
daytime or be available to the public when daily 
temperature exceeds the maximum daytime tem-
perature of 35 °C or the minimum nighttime tem-
perature of 28  °C.  Centers are equipped with 
air-conditioning, drinking water, first aid medi-
cines, recreational facilities, and even Wi-Fi in 
certain centers. However, there are barriers to 
access cooling centers, including concerns about 
pet care issues, inconvenient or unaffordable 
transportation, and loneliness of leaving home 
[29]. Among these concerns, transportation is 
raised as both resource and barrier to cooler 
places. An underlying concern is that public 
transportation may fail to send people to centers 
directly; waiting at bus stop outside can even 
increase heat exposure, thus acting as a barrier to 
reaching cooling sites.

11.6.6  Urban Planning for Cool City

The urban heat island is a phenomenon that urban 
regions experience warmer temperatures than 
surrounding areas due to the rapid urbanization. 
However, appropriate planning, such as “cool 
city” initiatives, could assist in reducing vulner-
ability, establishing resilience and promoting 
health [90]. The cool city initiatives are drawing 
more attention for their potentialities to decrease 
morbidity and mortality of heat-related diseases; 
lower energy consumption, greenhouse gas emis-
sions, and air-conditioner use; and potentially 
enhance population health status. Strategies 
include optimizing building design, building 
parks, and green spaces.

Optimizing building construction is one of the 
main strategies to achieve cool city initiatives. 
Strategies for better building construction include 
two categories: increasing evapotranspiration and 
albedo. Increasing evapotranspiration is accom-
plished through green roofs to cool inside by the 
evaporation of water from vegetations. Increasing 
albedo is usually achieved by high reflectivity 
and light-colored materials on roofs, which can 
increase building reflectivity, acting as a barrier 
to outside heat [61].
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Tree planting is commonly used to build 
shaded space in urban areas. Seeking shade is 
one of the main adaptive behaviors that people 
take when they are outdoor [91, 92]. Trees have 
multiple roles, for example, blocking solar radia-
tion, purifying the air, and providing venues of 

outdoor sports and social and cultural activities 
[93, 94]. Yan et al. [95] demonstrated the signifi-
cant cooling effects of a large urban park, and the 
cooling effects could expand to surrounding 
areas (Fig.  11.9). Besides improving thermal 
comfort, providing access to green spaces can 
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help promote public physical activity and social 
communications [96, 97]. Moderate-intensity 
physical activities have been demonstrated to 
decrease all-cause mortality; morbidity of 
chronic noncommunicable diseases such as 
cardio- cerebral vascular disease, diabetes, over-
weight, and obesity; as well as mortality and 
morbidity of cancer [98, 99].

11.6.7  Vulnerability Mapping

Vulnerability to heat is conceptualized to reflect 
population heat exposure and their sensitivity. 
Vulnerability mapping is an emerging research 
field to characterize the population vulnerability, 
aiming at preventing heat-related health effects 
among vulnerable groups. Since not all popula-
tions have the same health risk from heat expo-
sure, it is necessary to highlight areas with 
elevated vulnerability and identify the location of 
vulnerable people. Specific interventions can 
then be designed, which can help the government 
target their resources more efficiently and effec-
tively. Recognizing community-level heat vul-
nerability not only gathers evidence from 
epidemiological studies on individual-level sus-
ceptibility factors, it also provides information 
about neighborhood characteristics, thereby 

enabling more informed preventive actions. A 
national map of district-level heat vulnerability 
allows the government to situate vulnerable peo-
ple to heat exposure and identify areas most in 
need of intervention.

Wolf et  al. [100] suggested four steps to 
develop a vulnerability map. First, vulnerability 
values are calculated through a variance-weighted 
approach. Second, values are mapped at a fine 
spatial scale. Third, classify and identify the spa-
tial cluster regions where vulnerability may 
occur. Last, it is necessary to assess the degree to 
which areas of high heat vulnerability coincide 
with possible areas of high heat exposure. In 
China, 1 previous study reported the spatial het-
erogeneity of social vulnerability to heat waves 
among 124 counties/districts of Guangdong 
Province [101]. Even a small-scale district shows 
a great variation in vulnerability, which is incon-
sistent with the general distribution of vulnerabil-
ity index in the whole province. This inconsistency 
would be due to the differences in economic 
development levels in different districts, where 
well-developed economy region shows low social 
vulnerability to heat waves (Fig.  11.10). This 
finding indicates the importance and necessity of 
taking city-specific social and economic charac-
teristics into consideration for vulnerability 
evaluation.
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Fig. 11.10 Social 
vulnerability to heat 
waves in Guangdong 
Province, China. 
Sourced from an Open 
Access article: [101]. 
(https://doi.org/10.3402/
gha.v7.25051)
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11.6.8  Surveillance, Monitoring, 
and Evaluation

Real-time surveillance systems can be used to 
detect heat-related health threats in early stage 
and inform health policy-makers about upcoming 
outbreaks of adverse health impacts due to the 
heat waves. The most useful real-time data are 
mortality data, ambulance calls, emergency 
department visits, and general practitioner 
records. Among these, mortality data can provide 
detailed information about the impacts of heat 
events, acting as an important source. The lesson 
learned from heat wave in Europe during the 
2003 indicated that timely feedback is essential 
for health sectors. Emergency department data 
may provide information about the nonfatal dis-
eases that are susceptible to the heat. Ambulance 
calls can provide the most timely information, 
because of their sensibility to extreme heat [74, 
102]. There is also a demand to design efficient 
syndromic surveillance systems to promoting 
public health responses to heat events [103]. 
Syndromic surveillance is the procedure of near 
real-time collection, analysis, interpretation, and 
communication of health-related data. However, 
health data for surveillance need to be readily 
available because the mortality and morbidity 
may increase rapidly after heat exposure [103]. 
These indicators could be taken into account as a 
public health “sentinel” indicator for triggering 
suitable interventions and eventually preventing 
adverse outcomes [12]. Long-term records of 
syndromic surveillance data can contribute to the 
development and improvement of interventions 
focused on vulnerable populations.

Monitoring and evaluation can promote iden-
tification of the most efficient interventions, both 
in country and local scale and barriers to imple-
mentation. For the adjustment of existing adapta-
tion strategies, the iterative process can be 
followed based on continuous monitoring and 
evaluation (Fig.  11.11). Epidemiology is a key 
approach to build the knowledge base for devel-
oping, implementing, and evaluating the effec-
tiveness of public health adaptation to heat. 
However, evaluation of existing policies or 
 measures is difficult because of the following 

reasons. Firstly, it may be due to the regional dis-
parity and time variation. Secondly, it is impos-
sible to design a perfect study that takes all 
potential confounders into consideration. 
Randomized trials are usually infeasible for ethi-
cal and organizational reasons. In the meanwhile, 
observational studies have vital limitations 
because it is difficult to identify an appropriate 
control population and assess the appropriate 
type of intervention. Nevertheless, from both epi-
demiological and public health viewpoints, it is 
necessary to describe the changes occurring in 
the heat-health relationship over time. This infor-
mation would assist policy-makers in making 
evidence-based choices, in order to better allo-
cate available resources and direct future research 
questions.

11.7  Conclusions

With more severe heat waves projected in the 
near future, evidence-based health protection 
measures by the general public and health profes-
sionals will play an important role in reducing 
heat-related disease burden. Planned adaptation 
strategies are becoming an increasing necessity 
for China to address the adverse health effects of 
extreme heat events. Heat vulnerability and adap-
tation assessments can highlight the significant 
gaps in understanding and managing the health 
impacts of heat waves in a changing climate.

Type of measures?

How to improve?

Who implements?
How good is it?

Who is the target?

Fig. 11.11 The iterative process for the development and 
assessment of public health adaptation strategies. Adapted 
from WHO [74]
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Abstract
Currently climate change is becoming a sig-
nificant threat to human health. Though 
increasing evidence about climate change or 
variation has shown an adverse impact on 
human health in China, more deep researches 
are needed for climate change adaption in the 
future. Some research recommendations were 
identified in this chapter: (1) to identify health 
risk scope of climate change, (2) to investigate 
spatial heterogeneity of health risk from cli-
mate change, (3) to strengthen studies on 
health risk of climate-related disasters, (4) to 
explore mechanism of health risk caused by 
climate change, (5) to improve early warning 
capacity to climate change, (6) to enhance co- 
benefit assessment of climate change mitiga-
tion, and (7) to strengthen adaptation research 
of climate change.
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12.1  Introduction

The climate has certainly changed globally. The 
global temperature has raised by approximately 
0.85  °C compared with 130  years ago [1]. The 
World Meteorological Organization reported that 
the average global temperature from 2013 to 
2017 is the highest 5-year average on record, 
which is close to 1 °C above that from 1850 to 
1900 [2]. It was projected that the global temper-
ature could increase 1.5  °C by the end of the 
twenty-first century [1]. According to a report of 
the China Meteorological Administration, the 
surface temperature of China has risen by 0.24 °C 
every decade from 1951 to 2017, exceeding the 
global average temperature increase rate [3].

Global warming, precipitation changing, 
increasing frequency or intensity of extreme 
weather events, and sea level rising are one of the 
climate change impacts, which bring about direct 
and indirect impacts on the population health by 
affecting the elements necessary for living around 
us including food, water, air, and also the weather. 
In the past decade, rich evidence indicates that 
climate change or variation has threatened human 
health in China, including the increasing risks of 
mortality and morbidity from high temperatures, 
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extreme weather events happen more often, the 
air and water pollution become worse, and the 
ecology of infectious diseases may change [4]. 
The most vulnerable population such as children, 
the elderly, people living in poverty, outdoor 
workers, and those with underlying health condi-
tions are at an increased health risk of climate 
change. Furthermore, several studies found that 
with the increase of aging population, the adverse 
health impacts from climate change may increase 
much in the future in China [5].

Although the studies on health impact assess-
ment of climate change increase rapidly in China 
in recent years, most of them focus on the asso-
ciation of meteorological factors and few health 
outcomes such as mortalities. There are few stud-
ies that involved future health risk assessment, 
adaptation measure evaluation and co-benefits of 
climate mitigation, etc. Therefore, it is necessary 
to conduct deeper and wider researches to 
develop effective response strategies and mea-
sures to reduce the disease burden from climate 
change. Based on literature review and current 
research situation, future research directions in 
China are suggested as the following.

12.2  To Comprehensively Identify 
Health Risk of Climate 
Change in China

Human physical, mental, and community health 
are influenced by climate change [6]. In China, 
the health impact assessments of climate change 
are limited to some kinds of climate-sensitive 
diseases including cardiovascular diseases, respi-
ratory diseases, and some infectious diseases [4]. 
Recent study found that the increasing heat stress 
has significant negative effects on occupational 
health [7]. For example, heat exposure may 
induce serious diseases (such as heatstroke, kid-
ney disease, cardiovascular disease, and mental 
illness) among workers and reduce human per-
formance and work capacity. Some studies indi-
cated that extreme hot or cold temperatures 
experienced during pregnancy can increase the 
risks of gestational hypertension, preterm births, 

or low birth weight [8]. Several studies also 
reported that climate change may affect fresh and 
marine water resources, which could increase 
human exposure to waterborne diseases caused 
by bacteria or viruses [6]. In addition, some stud-
ies reported that rising temperature and extreme 
weather could not only limit our access to safe 
food but also impact the nutritional value of 
wheat and rice and other crops [9]. Threatened by 
climate change, many people may experience 
adverse mental health outcomes and social 
impacts, while people with mental illness can get 
higher risks for other diseases by extreme heat 
rising [9]. As there is still limited knowledge 
about the risk of these climate-sensitive diseases 
or health events in China, more large-scale stud-
ies based on multi-health outcomes are necessary 
to comprehensively identify the health risk scope 
of climate change in China.

12.3  To Investigate Spatial 
Heterogeneity of Health Risk 
from Climate Change 
in China

Climate change is a global phenomenon, but its 
impacts are quite heterogeneous across regions 
of the world. Climate change affects much on 
certain groups of population than others, depend-
ing on where they live and their ability to cope 
with different climate hazards. The varied and 
complicated terrain, climate, socioeconomic sta-
tus, living habits, and local medical conditions 
[10] lead to a high spatial heterogeneity of cli-
mate health impact in China [11]. One example 
could be a rapid population growth in coastal 
areas and southern and eastern regions in China 
happened in recent years. These areas are more 
sensitive to heat wave, coastal storms, and flood-
ing [12].

Previous study also found that minimum mor-
tality temperature (MMT) increased from north 
to south in China, and there was a larger cold 
effect in southern China, while a significantly hot 
effect was identified in northern China [13]. 
However, most previous researches focused only 
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on a single city or a small number of cities in 
China, and few studies have been conducted in 
economically underdeveloped regions such as 
western China where the population may get a 
higher risk of adverse health effects from climate 
change. Therefore, regional heterogeneity of 
health risks caused by climate variations or pro-
jected climate changes remains unclear in China, 
which will restrict climate change adaptation 
plan or measures implementation. Further health 
risk assessments and vulnerability studies based 
on multicenters to quantify the spatial distribu-
tion of health risk resulting from climate change 
or variation at the national level are urgently 
required.

12.4  To Strengthen Studies 
on the Health Risk 
of Climate-Related Disasters 
in China

In the past decades, the frequencies of extreme 
climate events have increased significantly [10, 
14]. It was predicted that the occurrence and 
severity of extreme climate events including 
droughts and floods led by the extreme precipita-
tion and tropical cyclone will continue to increase 
under different climate change scenarios [14]. 
Several types of extreme climate events can cause 
infrastructure disruption including power outage, 
water supply cutoff, and traffic congestion. The 
power, water, and transportation are essential to 
maintain people access to health care and emer-
gency response services [9]. These extreme cli-
mate events may increase the risk of deaths, 
injuries, and diseases, exacerbate potential medi-
cal conditions, and aggravate impacts on mental 
health including post-traumatic stress disorder 
(PTSD) and depression [9]. Children, the elderly, 
women, the economically disadvantaged, and the 
homeless are vulnerable groups for these climate- 
related disasters.

China is one of the most natural disaster- 
affected countries [15]. However, most previous 
studies focused on the associations between cli-
mate variation and health outcome, and there are 

few studies on the health impact of extreme cli-
mate events such as droughts, floods, and typhoon 
in China. We suggest that more studies should 
have been encouraged to explore the health risk, 
vulnerable populations, and vulnerable regions 
of climate-related disasters in China.

12.5  To Explore the Mechanism 
of Health Risk Caused by 
Climate Change in China

At present, concerning the relationship between 
climate variables and health outcomes, most of 
the studies were conducted using ecological 
research methods [16]. Based on time series data, 
generalized additive model, case crossover 
design, distribution lag nonlinear model, and 
other statistical techniques are mostly used to 
investigate the association between weather fac-
tors and extreme weather events and multiple 
health outcomes such as mortality, morbidity, 
and infectious diseases [17, 18]. The future health 
risk assessment of climate change should be 
based on the dose-response relationship between 
existing meteorological factors and health out-
comes. Therefore, the health risks of climate 
change will be estimated based on changes in 
meteorological factors under different climate 
change scenarios in the future [19].

The associations between climate variation 
and change and health outcomes could be esti-
mated using ecological research designs, but 
these studies are limited to address the mecha-
nism between exposure and response. What are 
the key elements, social process, or vulnerable 
factors of the health risks caused by climate vari-
ation or change? What is the driving force or 
transmission process of infectious disease out-
break? These are all the issues remaining 
unsolved. It is clear that the mechanisms can lay 
the foundation for the development of a spatio-
temporal warning system to help in timely imple-
mentation of response measures for vulnerable 
groups in vulnerable areas, thereby reducing the 
health risk of extreme climate events and climate 
change.
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12.6  To Improve Early Warning 
Capacity to Climate Change 
in China

Abnormal temperature fluctuations and pro-
longed maintenance often lead to high health 
risks [20, 21], such as increased frequency and 
intensity of extreme heat (heat wave) in sum-
mer, strong and persistent cold (cold spell) in 
winter, and sudden temperature fluctuation dur-
ing the alternation of seasons. An accurate fore-
casting of extreme meteorological events or 
health weather index can greatly mitigate the 
human health risks. However, there are few 
studies on the early warning of the abnormality 
of the health-related meteorological factors. It 
would be a challenge to identify the key meteo-
rological factors and their risk thresholds 
related to health. It is also not easy to capture 
the anomalous precursor signals of these mete-
orological factors at an early stage for climate 
response [22].

Previous studies demonstrated the associa-
tion between diseases and climate variations, 
emphasizing the potential for climate-based 
early warning systems development [23]. 
However, the relationship between climate and 
diseases is likely to interact with many other 
factors. For example, the association between 
climate and infectious disease may include how 
pathogens adapt and change, the availability of 
hosts, changing ecosystems and land use, 
demographics, human behaviors, adaptive 
capacity, etc. [24]. Many previous studies on 
prediction were conducted without consider-
ation of non-climatic confounding factors, lim-
ited geographical/temporal resolution, or 
insufficient evaluation of predictive validity. 
Involving more fine-scale data from various 
data sources (such as remote satellite, mobile 
cell and social network, and developing a fea-
sible spatial-temporal prediction models for 
climate-sensitive diseases) could be a research 
direction in the future in China. For example, 
increasing daytime temperatures, reducing 
nighttime cooling, and exacerbating heat wave 
associated with urban heat islands could affect 
human health [25]. Fine spatiotemporal scale 

studies integrating demographics, environmen-
tal factors, and socioeconomic factors into pre-
diction model are potential for developing an 
early warning system.

12.7  To Enhance Co-Benefit 
Assessment of Climate 
Change Mitigation in China

Assessing the health risks of climate change is an 
important step for public health institutes to cope 
with climate change. Although it can be done by 
using either qualitative or quantitative method, 
quantitative projections may provide more useful 
information [26]. In general, quantitative risk 
assessment requires prediction of (1) physical 
climate changes, (2) future socioeconomic fea-
tures, and (3) the association between these fac-
tors and health outcome of interest [9]. Even 
though uncertainty occurs, the development of 
health risk assessment modeling technology 
strengthens our understanding of the quantitative 
climate change risks, such as the risk of 
temperature- related mortality [19] and vector- 
borne diseases [27] under climate change sce-
narios. However, most previous studies focused 
on present health impact assessment of climate 
variation based on historical data, and a limited 
number of studies are involved in the health risk 
projection of climate change in China because 
projection research is relatively complex [9]. 
Interdisciplinary research related to climate 
change projections to potential people health vul-
nerabilities needs to be further investigated.

Climate change was called as “the biggest 
global health threat in the twenty-first century,” 
while adding that climate change response could 
be the greatest global opportunity of this century 
[28]. Research should concern about the estimat-
ing of the long-term health benefits from climate 
change mitigation [29]. In future decades, the 
anticipated benefits of successful climate change 
mitigation can tend to become important globally. 
These benefits may include (1) improving the air 
quality, especially reducing indoor or outdoor air 
pollution by popularizing clean energy genera-
tion, (2) promoting safe public transportation 
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systems, and (3) reducing chronic diseases in the 
community by encouraging healthy lifestyles like 
walking and cycling. Except for health risk assess-
ment of climate change, more resources should be 
motivated to focus on co-benefit research of miti-
gation measures of climate change.

12.8  To Strengthen Adaptation 
Research to Climate Change 
in China

Climate adaptation is crucial to help local com-
munities to response extreme weather conditions 
and relative climatic variations [28]. Researchers 
need to provide more evidence for governments 
to build strategies and develop program against 
climate impact [30]. We need to develop, dis-
seminate, and supervise the adaptation plan 
implementation and assess the effectiveness of 
current adaptation measures, including the costs 
and benefits of interventions. Research is 
warranted to enhance the public health system to 
respond to the threats of climate change, includ-
ing maintenance of the water supplies and sanita-
tion security; control of vector-borne diseases; 
and health education and health promotion, espe-
cially in the fields of thermal stress [28]. 
Furthermore, research on health risk communica-
tion of climate change should be strengthened 
[31]. Risk communication is one essential life-
saving action in public health emergencies. 
Effective risk communication could not only save 
lives but also reduce diseases. It can produce sev-
eral great effects by developing suitable materials 
for risk communication and identifying the best 
way for communication during a climate-related 
emergency.
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