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Abstract: The regional climatic comfort index (CCI) deteriorated significantly due to climate change
and anthropogenic interference. Knowledge, regarding the long-term temporal dynamics of the CCI in
typical regions, should be strengthened. In this study, we analyze the temporal and spatial evolution
of CCI from 1969 to 2018 in Guangdong Province, based on a number of meteorological indicators.
Additionally, the population exposure to climate unconformity was examined since 1990 with the
help of population data. Our study found that: (1) the warming and humidifying of the summer
climate served as the main driving force for the continuous deterioration of the CCI, with comfortable
days decreased by 1.06 day/10 year and the extremely muggy days increased by 2.83 day/10 year;
(2) spatially, the lowest climate comfortability concentrated in southwestern Guangdong with more
than 50 uncomfortable days each year, while the climate comfortability in northeastern Guangdong
tends to deteriorate with a higher rate, which can reach as high as 6 day/10 year; (3) in summer, the
population exposure to uncomfortable climate highly centralized in the Pearl River Delta, Shantou,
Jieyang, and the surrounding areas, and both area and population exposure showed increasing trends.
Particularly, Shenzhen held the highest growth rate of population exposure with an increased rate of
2.94 million/10 year; (4) although the discomfort distribution and deterioration rate vary across the
province, the spatial heterogeneity of comfortability is diminishing in Guangdong Province. This
study will provide a scientific reference in areas of regional urban planning, thermal environment
improvement, local resident health risk analysis, and key strategy implementation.

Keywords: climate comfort index; temperature-humidity index; wind effect index; clothing index;
population exposure

1. Introduction

The climatic comfort index (CCI) is a biometeorological indicator evaluating the com-
fort of human beings in different climatic conditions from the perspective of meteorology,
stemming from the principle of heat exchange between the human body and the near-Earth
atmosphere [1]. Under the background of global change, more frequent climate extremes,
including heatwaves, rainstorms, and tropical storms with higher intensity have been
witnessed all over the world [2,3], posing a higher burden on human regulatory capabil-
ity, threatening the public’s lives and health, and at the same time, leading to significant
economic losses [4-6]. As a comprehensive denotation of climatic conditions, including
temperature, humidity, wind, etc., the CCI alteration can negatively impact human health
and socioeconomic life severely once the threshold is overrun [7]. It is particularly sig-
nificant to discuss the influence of climate change on the human body’s awareness from
the perspective of the CCI [8]. Moreover, conducting long-term CCI evaluation research
with daily ground monitoring data, on the one hand, strengthens the understanding of
climate change and its influences, and on the other hand, provides scientific guidance for
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the regulation of human settlement assessment, urban and rural planning, climate event
response, and the corresponding adaptive strategies [9-11].

Extensive CCI research has been carried out domestically and globally based on vari-
ous CCI models [12,13]. Evaluations of the CCI were based on simple empirical models in
the early stages, which developed into complex mechanism models in recent years, with
the refinement of data sources and the diversification of the research aims [8,14]. The influ-
ence of different meteorological factors on human comfort originated from Europe and the
United States since the early 20th century [15,16]. Over the past decades, more than 160 eval-
uation indices have been successively involved in the evaluation of climate comfort, which
can be summarized as empirical and mechanistic models [17]. However, although mecha-
nistic models are based on heat balance, equations have become increasingly mainstream
in the theoretical research of climate comfort evaluation since their emergence in the 1960s,
and empirical models, which emerged in the early 20th century, provide significant support
to practical applications [18]. The mechanism model is of high computational complexity
and strongly limited by the observational records, involving not only unconventional
meteorological observation data such as average radiation temperature and somatosensory
average wind speed, but also several estimated variables, such as uniform temperature
of clothing surface, average temperature of skin and human sweating rate [19]. On the
contrary, the simple and relatively reasonable empirical models requiring less computation
power, become widely adopted as climate comfort evaluation index, such as the effective
temperature (ET) [20], wet bulb globe temperature (WBGT) [21], temperature-humidity
index (THI) [22,23] for thermal environments and the wind chill index (WCI) [24] for cold
environments. However, due to the certain spatial or temporal limitations of empirical
models, some scholars were trying to establish a universal evaluation indicators applicable
to all seasons [25]. Climate biologist Terjung improved the WCI to form the wind effect
index (WEI), integrating the physical effects of solar radiation in addition to the wind
speed on human comfort in cold environments [26]. The THI was originally proposed
under the name discomfort index (DI) [27] and was initially applied to hot and humid
environments, which was also applied to cold environments as the grading criteria for
the model were extended [28,29]. The lack of consideration of individual physiological
characteristics has been the biggest challenge for empirical models, incorporating human
heat exchange mechanisms to more accurately characterize human comfort would be an
efficient solution [30,31]. For example, based on the ideological basis of the principle of
human thermal balance, Auliciems and de Freitas qualified a mechanistic-based analysis of
the index of clothing (ICL) with empirical formula, to extend its serviceability in temporal
and spatial scale [32]. The comprehensive consideration of core meteorological variables,
such as temperature, relative humidity, wind speed, and solar radiation makes the empiri-
cal model more applicable. However, it would lack of theoretical support if considering
the four core elements in a single model. Therefore, combining a series of single models
become a beneficial direction for improvement, to for one thing take the advantage of the
respective strengths of each, and for another give full consideration to the overall influence
of the 4 core meteorological variables [18]. Terjung first proposed the combined model
evaluation of CI and WEI, which is suitable to any spatial and temporal scale and can be
applied to medical geography, military geography, tourism, architecture, and clothing [26].
In China, since the introduction of the Terjung evaluation system in the 1980s, scholars have
conducted a large number of climate comfort evaluation studies based on the combination
of classical empirical measurement models [33-36].

With the further warming of the global climate and intense interference of human
activities [2], regional meteorological conditions are conducive to variations and uncertain-
ties in regional CCI, which eventually influence the human body and local social-economic
environment to various extents. The evaluation of regional CCI and research of its spatial-
temporal variations lay the basis for clarifying the climate change impact and relieving the
negative influence of climate deterioration. Spatial-temporal analysis of CCI patterns with
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high precision based on a long-term data series is especially important for metropolitan
areas with dense populations and rapid economic growth.

As one of the pilot regions of China’s reform opening up, Guangdong Province has
experienced a rapid concentration of the economy, population, and resources over recent
decades, resulting in a non-negligible cumulative effect of climate change impact [37].
With the continuous advancement of the major strategies, such as the Guangdong-Hong
Kong-Macao Greater Bay Area and the “Belt and Road Initiative”, the regional urban ex-
pansion and population agglomeration will maintain rapid growth, owing to the sufficient
social/economic driving force. Compounding the climate background of inhomogeneous
global and regional warming, Guangdong Province will confront unprecedented climate
and environmental challenges. Given the above considerations, Guangdong Province is
taken as study area, to explore the spatial-temporal dynamic of the CCI, with the daily
meteorological data of 86 meteorological stations for nearly 50 years, covering temperature,
humidity, and the clothing index. The seasonal variation and spatial pattern of population
exposure to discomfort climate were analyzed based on the CCI model and population
growth data. This paper aims to provide a scientific and theoretical reference for regional
urban planning, the thermal environment improvement of human settlements, and the
advancement of major strategies.

2. Data and Methodology
2.1. Research Area and Data Sources

Guangdong Province is located in the southeastern coastal area of China across
109.65-117.32° E and 20.22-25.52° N, bordering the South China Sea, with a total land
area of 178,500 hm?. Dominated by a subtropical monsoon climate with hot and rainy
summers and cool and dry winters, the region is with abundant light, heat, and water
resources. The weather and climate show high seasonal and interannual variation, with
frequent incidences of natural disasters, such as tropical cyclones, thunderstorms, drought,
and heat/cold waves.

In this paper, the modeling and evaluation of the CCI were conducted based on
daily average temperatures, relative humidity, sunshine hours, and other meteorological
elements based on the metrological observations from 86 stations in Guangdong Province
(Figure 1) from 1969 to 2018. Furthermore, the population spatial distribution data (gridded
spatial distribution data, POP) from the Data Center of Resources and Environmental
Sciences Chinese Academy of Sciences (https://www.resdc.cn/DOI/DOlLaspx?DOIlid=32,
accessed on 15 November 2021) in 1990, 2000, 2010, and 2015, as well as statistical data
for the permanent resident population specified in the 1991-2019 statistical yearbook of
Guangdong prefecture-level cities, were collected for the calculation and evaluation of
population exposure to discomfort climates.

2.2. Research Methods and Evaluation Indicators

The CCI evaluation model recommended by China’s “Climate Suitability Evaluation
on Human Settlement Environment” (GB/T27963-2011) mainly covers THI, WEI, and other
indicators. Based on previous CCI evaluation models, ICL was combined with THI and
WEI to build an integrated CCI evaluation index system [38,39]. The weights of indicators
were determined with a combined methodology of analytic hierarchy, classification and
assignment, and other methods [40]. Then, a comprehensive CCI evaluation model was
established to perform a thorough evaluation of regional CCI (Table 1).
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Table 1. The grading standard of THI, WEI, ICL, and CCI.

Figure 1. Location of the study region and meteorological station.

Temperature-Humidity

Wind Efficiency Index (WEI)

Index of Cloth Loading (ICL)

Climate Comfort Index

Index (THI) (CCI) Grade
Grade Value Hun}an Grade Value Hun}an Grade Value Human Wear Symbols Assignment
Feeling Feeling
Extremely Extremely cold Down-filled or e. Extremely
=40 cold =~—1000 wind 225 fur clothes uncomfortable =1
4045 Cold —1000-—800 Cold wind 1.8-25 Casual clothes 4 {7 omfortable 1-3
plus coat
45-55 Relatively —800-—600 Relatlv.ely cold 1.5-1.8 Winter clothes c. Relatively 35
cold wind uncomfortable
55-60 Cool —600-—300 Cool wind 13-15 Spring and b. Relatively 57
autumn clothes comfortable
60-65 Refreshing —300-—200 Cosy wind 0.7-13 Shirts and A. Comfortable 7-9
casual clothes
65-70 Warm ~200-—50 Warm wind 0.5-0.7 Light summer B. Relatively 5-7
clothes comfortable
70-75 Hot ~50-80 Relatively 03-05 Polo shirts C. Relatively 35
warm wind uncomfortable
Tropical
75-80 Muggy 80-160 Hot wind 0.1-0.3 single-layer D. Uncomfortable 1-3
clothes
Light tropical
>80 Extremely >160 Extren}ely hot <01 single-layer E. Extremely <1
muggy wind clothes uncomfortable

@

The definition and calculation method of each index are detailed below:

THI: A combination of temperature and humidity reflecting the heat flow between the

human body and the surrounding environment [41]. This is a classic index to evaluate
thermal discomfort, expressed as:

THI = (1.8 x T 4 32)

—0.55 x (1— RH) x

(1.8 x T — 26) )
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where T is the air temperature in degrees Celsius (°C), and RH is the relative humid-
ity (%).

(2) WEL The law of human body heat loss under the constraints of wind speed and
temperature, an important indicator originating from the cold environment evalua-
tion [42]. WEI specifically indicates the heat exchange amount per unit area of the
body surface at a skin temperature of 33 °C, expressed as:

WElz—(10><\/V+1o.45—V) x (33— T)+855x S @)

where V denotes the wind speed (m/s), T represents the air temperature (°C), and S
is sunshine hours (h/day).

(38) ICL: Cloth loading recommendations are based on a variety of factors, including air
temperature, solar radiation, human metabolism, and wind speed. Different choices
of cloth loading can effectively improve or exacerbate climate discomfort [39]:

33-T H+ A x R X cosu

ICL = -
0155 x H  p (0.62 +19.0 x \/V)

®)

where H is 75% of the human body’s metabolic rate (under small activity), taken as
87 W/m?2, A means the human body’s absorption of solar radiation, taken as 0.06, R
is the solar constant, taken as 1367 W/m?, and « is the solar altitude angle taken as
the average condition.

(4) CCI: A comprehensive representation of regional Climate Comfort Index, which is
generated based on the weighted average of THI, WEI, and ICL is:

CCI = 0.6 x Xrp1 + 0.3 x Xyer + 0.1 x Xjcr @)

where Xtp1, Xwer, and Xjcp are the graded assignments of THI, WEI, and ICL,
respectively, with the weight coefficients of 0.6, 0.3, and 0.1, respectively. Specifically,
the comfort level, relatively comfortable level, relatively uncomfortable level, and the
discomfort level were classified as Table 2.

Table 2. The classification standard of the CCI.

CCI 1<CCI<3 3<CCI<5 5<CCI<7 7<CCI<9
Comfort level Uncomfortable Relatively Relatively Comfortable
uncomfortable comfortable

2.3. Statistical Analysis

(1) Daily CCI was calculated based on the Equations (1)—(4), and the monthly and
annual comfort/discomfort periods were then obtained by adding up the number of
comfort/discomfort days in the corresponding month or year. The monthly CCI was
assigned to NULL if the missing or false measurements exceeded more than 6 days.

(2) Linear trend estimation [35] was applied to the analysis of the climate change trend
as well as the CCI and comfort/discomfort period variation.

2.4. Analysis of Population Exposure

(1) Spatial analysis of population exposure was conducted based on the summer
(June to August) data of the comprehensive discomfort days (SD) from 86 stations in 1990,
2000, 2010, and 2015. Herein, the exposure degree of the climate discomfort population
was defined as the product of the normalized result of the SD corresponding to the grid
point and population size. Spatial interpolation was performed with the Ordinary Kriging
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method. Then, the SD spatial-temporal distribution map of Guangdong Province was
formulated, with a time resolution of 1 year and a spatial resolution of 1 km:

S Di]' — mini

PSS,-]- = Pij X —maxi — mini (5)
where PSS;; is the population exposure of Grid j in the i-th year, P;; is the population size
of Grid j in the i-th year, SD;; is the SD of Grid j in the i-th year, and max; and min; are the
maximum and minimum values of SD within 29 years, respectively.

(2) Temporal analysis of population exposure was carried out based on the SD data of
stations during 1990-2018. The exposure of the discomfort population in every prefecture-
level city was defined as the product of normalized results of SD and the number of
permanent residents in the city:

PST R SDI] - min,' 6
ij = Rij X max; — min; ©
where PSTj; is the population exposure of City j in the i-th year, R;; is the number of

permanent residents of City j in the i-th year. The other parameters are the same as
Formula (5).

3. Results
3.1. Temporal Evaluation of the Comfortable Indexes

The temporal trends of THI, WEI, and ICL over the last 50 years are shown in Figure 2.
According to the results, THI, WEI show a significant increase, indicating the climate
has been deteriorating from warm relative comfort to thermal discomfort. Compared
to the other two indicators, ICL shows a slight downward trend with large fluctuations,
especially from the late 1980s to the early 21st century due to continued local warming,
while temperature in winter rise in particular faster compared with that in summer and
autumn (Figure 2c) [43].
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Figure 2. Interannual variations of comfort index from 1969 to 2018. (a): THI, (b): WEI, (c): ICL.
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The variation of averaged monthly uncomfortable periods in the last 50 years was
given in Figure 3. In terms of heat and humidity, the non-comfort period (70 < THI < 80)
in Guangdong lasts from May to October, which is associated with the combination of high
temperatures and high humidity in late spring and summer. THI presents a flat parabolic
curve, with an extremely uncomfortable July (Figure 3a). From the wind perspective,
Guangdong is under the comfortable level (—600 < WEI < —50) except July and August.
WEI shows a clear inverted V-shape, with the lowest and highest values occurring in January
(cold winds) and July (slightly hot wind) (Figure 3b). ICL is inversely correlated with
temperature, and a higher ICL represents more clothes loading. The thermal discomfort
related to clothing lasts from May to September (Figure 3c).

35 - (@ 1% B
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25 < 2 o
60 = 1 150 =
ol
s 0E 20 1200 3
&= S |3 .=
=] 40 =2 =T 4 250 3
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0 g 4 350 3
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month month
35
’ © {14
30 —_
3
25 =
95” mm Relatively comfortable level B
» 20 k=
z k=] mm Comfortable level A
25 e
=2 mmm Relatively comfortable level b
10 F z ——THI
w
3 =
5 - K=} —a— WEI
0 E ——/CL
§ 9

10 11 12

month

Figure 3. Monthly variation of comfort index and period of different grades from 1969 to 2018.
(a): THL, (b): WEIL, (c): ICL.

The average monthly comfort days indicate that July and August hold the least
number of comfort days, followed by June and September (Figure 3). The comfort level
remained high from November to March. In general, the comfort and relative comfort days
of THI, WEI, and ICL were 135 day/year, 307 day/year, and 211 day/year, respectively.
Uncomfortable days resulting from heat and humidity were much more than that connected
to wind or clothing.

According to the annual average days at different comfort levels in the last 50 years
(Table 3), the extremely muggy and muggy days indicated by THI were the highest, reaching
107 and 71 days, respectively. On the contrary, the extremely cold and cold days connected
to THI were the least, around 2 days and 5 days, respectively. When referring to the wind
impact, the relatively uncomfortable (slightly hot wind) days were the most common
condition according to WEI, exhibiting a period of 135 days. Additionally, when it comes to
clothing loading, there were around 110 ICL comfortable days and 77 ICL uncomfortable or
extremely uncomfortable days.
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Table 3. Variation characteristics of phased comfort index from 1969 to 2018 (day/year).
Period e d c b A B C D E
Ii:}?;g Ecold Cold Rcold Cchilly Cool Warm Rhot Muggy EMuggy
1969-1978 3 5 40 39 41 43 49 97 2
1979-1988 2 6 38 41 42 44 51 87 59
THI 1989-1998 2 4 24 27 37 44 45 62 125
1999-2008 1 3 18 21 31 42 46 53 152
2009-2018 2 4 20 24 33 39 42 56 149
Averaged 2 5 28 30 37 42 47 71 107
TR —0.04 —0.06 * —0.58 ** —0.49 ** —0.26 ** —0.12 ** —0.18 * —1.12* 2.83 **
Ife‘éﬁ‘;g EcoldW  ColdW  ScoldW  CoolW cw WarmW  ShotW hotW EhotW
1969-1978 0 2 10 93 67 130 64 0 0
1979-1988 0 2 8 91 65 130 67 1 0
1989-1998 0 1 6 81 68 141 67 1 0
WEI 1999-2008 0 1 6 78 70 142 71 1 0
2009-2018 0 1 7 91 66 132 70 2 0
Averaged 0 1 7 87 67 135 68 1 0
TR 0 —0.01 —0.07 —0.17 * 0.01 0.18 0.14 0.03 0
‘Down- Casual Winter S/A . Light Polo Tropical ng.h t
Human wear filled / fur lothes/coats clothes clothes Skirts summer shirts clothes tropical
clothes co clothes clothes
1969-1978 0 12 27 29 108 50 84 46 13
1979-1988 0 11 25 30 109 49 78 52 13
ICL 1989-1998 0 9 2 25 111 50 77 56 15
1999-2008 0 9 21 23 112 49 82 59 13
2009-2018 0 10 24 27 110 52 77 63 7
Averaged 0 10 24 27 110 50 79 55 12
TR 0 —0.03 * —0.09 —0.11* 0.05 * 0.06 —0.06 0.39 —0.12 **

Notes: the bold E/R/C/W/S refers to extremely /relatively /comfort/wind/slightly, respectively. TR = tendency
rate. Blue represents decrease; orange indicates an increase. * refers to passing 0.05 significance test. ** refers to
passing 0.01 significance test.

We examined the number of days of different comfort levels at the 10-year slice to
investigate the temporal climate trend. In view of the temporal variation of the comfortable
level (Figure 2), the extremely muggy days stemmed from THI exhibited a significant rising
trend, with a growing rate of 2.83 day/10 year. For WEI and ICL, the number of days at
the relatively cool level presented a decreasing trend, while the relatively hot days, on the
contrary, tended to grow. All the indexes indicated the warming inclination of Guangdong
Province, aggravating the deterioration of climate comfortability.

3.2. CCI Variations along Time

Affected by the regional climate changes, the comprehensive CCI of Guangdong
Province has continuously decreased. According to the variations of characteristics of the
CClI in the previous 50 years (Figure 4a), three stages were clearly divided. From 1968 to
1990, the climate comfortability was steadily maintained at a relatively comfortable level,
while an obvious decline was witnessed in 1991, resulting the CCI kept at the border of
the relative comfortable. Since 1998, climate comfortability degraded continuously and
stepped into a relatively uncomfortable stage. The sudden drop in the CCI in the early
1990s was associated with temperature fluctuations in Guangdong Province. Previous
studies pointed out that the annual mean temperature in Guangdong generally showed
a sudden warming in the late 1980s—-1990s [43], while in the Greater Bay Area the abrupt
warming occurred around 1993 [44], which is an important reason for the deterioration of
the CCI during the corresponding period.

The monthly curve of comfort degree showed an obvious “V” type change (Figure 4b),
with the CCI floating between 2.9-3.6 (the uncomfortable level) from June to August, during
which only 2—4 comfortable or relatively comfortable days were identified from each month.
The comfortable days mainly concentrated from October to the next April, during which
the comfort degrees of January, March, and December was the highest.
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Figure 4. Interannual variations of CCI (a) and monthly variation of CCI and comfortable duration of
different grades (b).

In terms of the variation tendency of the CCI (relatively) comfortable and (relatively)
uncomfortable days (Table 4), the comfortable and relatively comfortable days prominently
reduced at a rate of 1.06 day/10 year and 0.28 day/10 year. Meanwhile, the uncomfortable
and relatively uncomfortable days significantly increased with a rate of 0.73 day/10 year
and 0.64 day/10 year (Table 4). Combined with Table 3, which shows decreasing relatively
cold level and increasing relatively hot days, suggests that the increased number of days at
the uncomfortable level was mainly led by the higher number of days at the relatively hot
(uncomfortable) level.

Table 4. The variation characteristics of comfort period of a comprehensive index between different
years from 1969 to 2018.

Grading Comfortable Cl(tlei;(t)lr‘;::)}ie Unlz(e)iraltfl:ret?l’)le Uncomfortable
1969-1978 120 90 112 43
1979-1988 123 90 101 49
1989-1998 98 81 119 64
1999-2008 83 83 128 71
2009-2018 86 80 128 70
Averaged 102 85 117 59

TR —1.06 ** —0.28 ** 0.64 ** 0.73 **

Notes: TR = tendency rate. Blue represents decrease; orange indicates an increase. ** refers to passing 0.01
significance test.

As shown in Figure 5a, the uncomfortable days were mainly distributed in Zhanjiang,
Foshan, Zhongshan, Shantou, and the surrounding regions, where the average numbers
of days at the uncomfortable level in summer reached 47-51 days. The average minimum
number of days at the uncomfortable level in summer was distributed in Heyuan and other
regions in the northeast, and the annual average number of days at the uncomfortable
level was around 37. The changing trend of the number of annual uncomfortable days
and its spatial distribution characteristics were detected, and the result was provided in
Figure 5b. In general, the number of uncomfortable days increased all over the province.
Spatially, northern and eastern Guangdong exhibited a large increase rate, while the
rest of the region showed relatively lower growth rate of the uncomfortable days. As a
result, although the discomfort degree was rising in general in all the regions, the spatial
heterogeneity gradually narrowed along with time. The southeastern province displayed
both the high discomfort degree and high deterioration rate, especially in the marine region
of Shantou, Jieyang, and Shanwei, where more severe heat threats and environmental risks
were recognized.
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Figure 5. Distribution of the uncomfortable grade days (a) and corresponding tendency rate (b) dur-
ing summer 1969 to 2018.

3.3. Population Exposure to Climate Discomfort in Summer

On the basis of the long sequence of the summer uncomfortable days and population
distribution data, the population exposure to climate discomfort in summer was explored,
and its temporal-spatial change pattern was shown in Figure 6. The high population expo-
sure was mainly concentrated in the Pearl River Delta (PRD) and eastern Guangdong. The
core cities of PRD, including Guangzhou and Shenzhen, served as the high-exposure center,
and at the same time, exhibited the largest growth from 1990 to 2015, especially in the midst
of the city. In 2010, the population exposure of Guangzhou firstly achieved 24 thousand peo-
ple, with the area of exposure covering 28 km?, while Shenzhen surmounted 24,000 people
exposed to the discomfort climate with a 32 km? coverage in 2015. At the provincial level,
the population exposure and its coverage area were continuously expanding from 1990
to 2015. In 1990, the area of population exposure of higher than 3000 people covered
255 km? in total, which stretched to 1724 km?, 2282 km?, and 3408 km?, in 2000, 2010, and
2015, respectively.

d. 2015

/person

I 0200100 200-600[| 600-1500[__| 1500-3000[ ] 3000-6000[_| 6000-12000 [l 12000-24000 [l 24000-32000

Figure 6. PSS in the summers of 1990 (a), 2000 (b), 2010 (c), and 2015 (d).
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The population exposure to climate discomfort overall significantly increased in all
prefecture-level cities (Figure 7). Being the prefecture-level city with the highest population
exposure to climate discomfort and the highest rate increase in Guangdong province, the
increased rate of population exposure in Shenzhen was 2.94 million people/10 year and
reached 9.29 million people in 2015. The rising rate of population exposure in Dongguan,
Foshan, and Shantou was also high, around 1.7 million people/10 year, 1.19 million
people/10 year, and 0.83 million people/10 year, respectively, and exceeded 5 million
people in 2015 in each city. Because of the low population growth rate, the increase
in population exposure to climate discomfort was relatively slow in Zhuhai, Chaozhou,
Jieyang, Zhongshan, and other cities.
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Figure 7. PST (red line) and corresponding linear trend (blue line) during summer 1990 to 2018.
Notes: All reach a significance level of 0.05.

4. Discussion

Previous studies have revealed that the deterioration of the CCI in southern China has
been more rapidly than the national average level in the context of global climate changes
and urbanization development [45]. Influenced by the changes in temperature, wind speed,
relative humidity, and other climatic factors, the annual average WEI in southern China has
substantially increased [46]. The climate sensitivity of northeastern and southern China
is higher than that of other regions; hot days in southern China throughout the year have
increased substantially, and the possibility of future increases tends to be larger than that of
nearly all other regions under various climate scenarios [47]. The results of this study are
essentially consistent with those of previous research, regarding CCI changes towards the
relatively hot level with the rapid deterioration rate.

The spatial distribution of the annual averages of the THI and CCI are clearly affected
by latitude and altitude, of which Guangxi, Guangdong, and Hainan have shown the
highest discomfort degree connected to high temperature and humidity [48]. Our study
indicated that 47% of days were at the uncomfortable level in summer in Guangdong
Province during the past 50 years, demonstrating the increasing local heat risk and threat.
If we compare the discomfort degree of the three megalopolis in China, the discomfort
degree of the Pearl River Delta far exceeded that of the Yangtze River Delta and the Beijing-
Tianjin-Tangshan region. Because the vast region in the Pearl River Delta are dominated by
the uncomfortable level, and most areas in the Yangtze River Delta and the Beijing-Tianjin-
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Tangshan region are ranged at the relatively uncomfortable or relatively comfortable levels
in the last decades.

In addition, according to the annual uncomfortable duration and the spatial varia-
tion tendency in summer in the last 50 years, the Pearl River Delta, Zhanjiang, and the
surrounding regions presented the highest climate discomfort degree, but the CCI deterio-
ration rate of these regions was relatively lower than that of the other regions. Hence, the
regional heterogeneity of discomfort degree in summer in Guangdong Province tends to be
narrowed, but the comprehensive discomfort degree would prominently grow.

Long-term discomfort weather or climate presents a certain accumulation effect and
serves as one of the important influencing factors related to disease occurrence and social-
economic development [49-51]. For example, high temperatures and high humidity exert
critical impacts on respiratory and cardiovascular diseases, according to medical reports
and related research [52-54]. A case study regarding the health impact of temperature
in Guangzhou and Zhuhai suggested that high temperatures lead to a decreasing of
life expectancy of residents [55]. Climate warming in Guangzhou, in the future, will
further reduce residents’ life expectancy, excluding the changes of future populations
and their adaptive capacities, while improvements of residents’ regulatory and adaptive
capacities could resist the influence of climate deterioration to a significant extent in the
future [56]. Studies of population health in the Greater Bay Area revealed that the daily
average temperature threshold could increase the risk of death for residents; for example,
heatwaves seriously degrade residents’ life quality, leading to a worsening of diseases or
even result in death. Therefore, researching the occurrence and development of climate
discomfort and regional diseases is of high significance. To improve the health conditions
and climate comfortable level of regional residents, corresponding measures must be taken
as soon as possible to halt the momentum of the rapid deterioration of the CCI, particularly
in summer and in areas with increased population exposure, such as Pearl River Delta, and
eastern Guangdong province. In this study, the temporal-spatial changes of population
exposure to climate discomfort in summer in Guangdong Province were preliminarily
investigated to improve our understanding of regional CCI deterioration trends, expand
the knowledge of the climate impact on humans, and provide a scientific basis for the
responding countermeasures.

5. Conclusions

In this paper, the temporal-spatial distribution characteristics of the climate comfort
index (CCI) and the population exposure under the background of climate variations and
population aggregation were explored based on daily meteorological records monitored
from 86 ground stations from 1969 to 2018, and the population archives of Guangdong
Province since 1990. The results clearly demonstrated that:

(1) The comfortability of climate was on a decreasing trend in Guangdong Province over
the last 50 years, due to the growing tendency of the heat and humidity. Hot and
relatively hot days showed significant growth, with a rate of 0.73 day/10 year and
0.64 day/10 year, respectively. Temperature-humidity index (THI), wind effect index
(WEI), and climate comfortable index (CCI) prominently increased, while the index of
clothes loading (ICL) constantly decreased.

(2) Summer was the most uncomfortable season, with only four comfortable days and
47% of days rated at the uncomfortable level. The comfortability in autumn was lower
than that of spring, while winter was the most comfortable season.

(3) The high population exposure to summer discomfort was mainly concentrated in the
Pearl River Delta and Eastern Guangdong, with significant expansion in exposure
area and population. Specifically, the core city of Guangdong-Hongkong-Macao Great
Area, like Shenzhen, Dongguan, and Foshan, presented an exposure growth rate
exceeding one million people/10 year.

The dramatic increase in population exposure in the Pearl River Delta and eastern
Guangdong brings higher environmental and health risks to the local residents. With
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continuous urbanization and accelerating climate warming, the local CCI will steadily
deteriorate. More accurate simulations and predictions of the CCI, as well as its impact on
human activity, needs to be implemented, based on interdisciplinary advantages, including
public health, medicine, meteorological science, urban planning, architecture design, and
other disciplines. The research will provide scientific and technological support for national
and local climate adaption, help to improve the risk management level and public health
response of the government, so as to promote the construction of climate-adaptive cities
and the implementation of a health agenda stemmed from the Sustainable Development
Goals (SDGs2030).
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