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Abstract: While rapid urbanization promotes social and economic development, it exacerbates
human outdoor thermal comfort, which increases the risks to human health. This paper uses four
thermal comfort indices and multiple satellite observations to explore the urbanization effect on
summer heat stress in Guangdong from 1979-2018, a coastal province of China. Two types of thermal
comfort index are used here, namely the direct thermal comfort index (Heat Index, HI; Temperature—
Humidity Index, THI; Discomfort Index, DI) and the physiological thermal comfort index (Universal
Thermal Climate Index, UTCI). We compare the differences in the urbanization effects on the changes
in the three direct thermal comfort indices (HI, THI, and DI) and a physiological thermal comfort
index (UTCI). The results show that all four thermal comfort indices indicate an overall warming
trend. Of them, urban sites show a higher warming trend than rural sites, indicating that heat stress
changes are significantly influenced by urbanization from 1979-2018, which is consistent with the
effect of urbanization on surface air temperature. However, except for the UTCI, this warming of
direct thermal comfort indices affected by urbanization has become insignificant under the regional
vegetation greening from 2004-2018 (also consistent with surface air temperature). This is primarily
attributed to the different effects of wind speed on the physiological thermal comfort index in
urban and rural areas: Decreasing wind speeds in urban areas lead to an increase in UTCI, while
wind speeds in rural areas increase instead and decrease UTCI, thus widening the UTCI differences
between urban and rural areas. Our results indicate that urbanization has a different effect on thermal
comfort indices. When using the thermal comfort indeX, it is necessary to consider that different
thermal comfort indices may bring different results. UTCI considers more factors that affect human
heat perception, so it can better describe human outdoor thermal comfort. It also highlights the
importance of urban ventilation and urban greenness in mitigating urban outdoor thermal comfort in

the sustainable construction of future urbanization in coastal cities.

Keywords: urbanization; warming; thermal comfort indices; heat stress

1. Introduction

The global warming caused by climate change, including the frequency of extreme
events such as heat waves, has received widespread attention from governments, scientists,
and the public. In urban areas, especially in faster-growing cities (or urban agglomerations),
the warming is greatly amplified by the heat island effect, making city dwellers highly
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vulnerable to the combined effects of both [1,2]. China is the world’s most populous country,
with approximately 59% of its population living in urban areas, and with increasing levels
of urbanization, heat stress from rising urban temperatures can exacerbate people’s health
risks [3]. The human body functions optimally in the range of 37 £ 1 °C. In scorching and
humid climates, its ability to evaporate heat through sweat is reduced, causing heat stress
and possibly inducing diabetes, respiratory diseases, cardiovascular diseases, and other
disorders [4], and possibly even death [5-7]. With the adverse effects of excessive heat
stress on rapidly growing urban populations, there is great concern about how heat stress
affects productive life.

To better understand how heat stress affects people, several thermal comfort indices
have been established to relate to the assessment of human thermal response and ther-
mal strain [8-11]. Some researchers use meteorological parameters that determine the
level of human thermal comfort, primarily considering atmospheric temperature and rel-
ative humidity, namely the direct thermal comfort index [8], which includes the Heat
Index (HI) [12-14], the Temperature-Humidity Index (THI) [15], and the Discomfort Index
(DI) [16]. Other researchers have concentrated on modeling and evaluation from a thermal-
physiological perspective and physiological indicators [17]. Many studies have shown that
solar radiation and wind have a great influence on human thermal comfort [18,19]. With
the continuous progress of computers, combined with human physiological models [17],
the International Society of Biometeorology proposed the Universal Thermal Climate In-
dex (UTCI) in recent years [20]. This physiological index incorporates the human body’s
physiological characteristics and considers air temperature, humidity, wind speed, and
the average temperature reflecting environmental radiation to the body (namely the mean
radiation temperature, Tmrt). Compared to the use of a single crucial parameter, the
thermal comfort index can better describe human outdoor thermal comfort [11]. Currently,
these thermal comfort indices have been widely used to evaluate the changes in human
heat stress [21-23] and the impact of urbanization on heat stress [24-28].

Previous studies indicated that the estimation of the degree of heat stress is highly
dependent on the choice of the thermal comfort index, as the definitions of different
indices are diverse [29,30]. Moreover, the estimation of heat stress based on a single
thermal comfort index varies among cities with different urban density grades and climate
environments [28,29]. Luo and Lau [22,26] used direct thermal comfort indices to study
the variation of heat stress in Chinese regions and analyzed the driving factor causing heat
stress. They found that warm air temperature rather than high humidity was the leading
cause of the variation in heat stress and that the severity of the condition had increased by
almost 30% in urban areas compared to rural areas. Luo and Lau [26] used eight different
heat stress metrics and found that urbanization substantially increased heat stress at lower
altitudes and denser-populated areas, while the intensifying effect was relatively weak in
some arid and high-altitude areas. These results indicated that heat stress is not only the
result of the combined effect of various atmospheric variables [23,31,32] but is also related
to the geographical distribution and urbanization level [33,34]. Therefore, it is necessary to
investigate the influence of urbanization on heat stress based on the integrated evaluation
of different thermal comfort indices, to obtain a more comprehensive understanding.

Guangdong Province, a southern coastal area in China with a subtropical hot sum-
mer climate, has experienced rapid urbanization and intensifying heat stress in recent
decades [27]. In the future, it will experience continuous urbanization and exacerbating
thermal discomfort [35], which will increase human health risks. Therefore, this study uses
a combination of two thermal comfort indices (direct and physiological) for the last 40 years
of summer (June-August) in Guangdong to examine the similarities and differences in how
they are affected by urbanization and their causes, as well as how to lessen the impact of
urbanization on their respective heat stress. A better understanding of the relationship
between urbanization and heat stress can provide some suggestions for local government’s
urban construction to mitigate outdoor thermal discomfort and reduce human health
risks. The chapters of this paper are organized as follows: Section 2 describes the data
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and methods, Section 3 discusses the temporal and spatial variation of different thermal
comfort indices in Guangdong and the differences in their respective effects of urbanization,
and Section 4 further explores the main meteorological drivers leading to the variation of
thermal comfort indices.

2. Materials and Methods
2.1. Data Sources

The daily instrumental data used in this paper include the surface air temperature
(T2m), relative humidity (RH), wind speed (WIN), pressure (AP), precipitation (PRE), and
sunshine hours (SSD). These data were collected from the China Surface Climate Data Daily
Dataset (V3.0) of the National Meteorological Information Center, China Meteorological
Administration (CMA) in 86 meteorological stations of the Guangdong Province. Cloudi-
ness data from CRU TS v.4 monthly data at a 0.5° resolution [36] and the instrumental data
were used to calculate the thermal comfort index. All these datasets cover the period from
1979 to 2018 and were used to calculate the thermal comfort indices.

Three satellite datasets with a 1 km spatial resolution were used in the study to
investigate the effect of urbanization on heat stress or drive the analysis of heat stress
warming, including the daytime land surface temperature (LSTd) and the nighttime land
surface temperature (LSTn) from the Moderate-resolution Imaging Spectroradiometer
(MODIS) (an 8-day product named MYD11A2, version 6) [37], the Enhanced Vegetation
Index (EVI) from a monthly MODIS product (MYD13A3, version 6) [38], and the annual
anthropogenic heat flux (AHF) from [39,40]. These datasets cover the period from 2004
to 2018. In addition, the yearly nighttime light data (NTL) from 2018 from the Visible
Infrared Imaging Radiometer Suite (VIIRS) sensor on the Suomi National Polar-orbiting
Partnership (NPP) satellite with a 500 m spatial resolution (https://www.ngdc.noaa.gov/
eog/download.html, accessed on 20 March 2022) and the demographic data from the
Chinese population spatial distribution kilometer grid dataset [41] with a 1 km spatial
resolution (https:/ /www.resdc.cn/, accessed on 20 March 2022) were used to identify the
urban and rural stations in Guangdong Province. Digital Elevation Model (DEM) data
with a 90 m spatial resolution (http:/ /www.gscloud.cn/, accessed on 20 March 2022) was
obtained from the Shuttle Radar Topography Mission (SRTM, version V4.1), which was
jointly measured by NASA and the National Imagery and Mapping Agency (NIMA) [42].
Both the instrumental data and the MODIS product were temporally aggregated to a
monthly timescale.

2.2. Methods
2.2.1. Computations of Thermal Comfort Indices

Considering the subtropical hot summer climate in Guangdong with higher temper-
atures and relative humidity, we used two types of thermal comfort indices to estimate
heat stress, namely the direct thermal comfort index (HI, THI, and DI) and the physiolog-
ical thermal comfort index (UTCI), which have been used in some areas with the same
climate [35,43]. The direct thermal comfort index was calculated using the temperature and
relative humidity, and the calculation is shown in Table 1. Compared to the direct thermal
comfort index, the calculation of UTCI was more complex, and its equation consists of the
Fiala multi-node model [44] and an adaptive clothing model [45]. The UTCI index could
be calculated using a polynomial equation of the sixth order, where the variables were
the air temperature (T), water vapor pressure (P) or relative humidity (RH), wind speed
(WIN), and mean radiation temperature (Tmrt) [20]. It should be noted that the calculation
of the Tmrt is complex and varies slightly depending on the method used. In this paper,
Tmrt was obtained from the following Equations (1)—(3) [46], thus the UTCI was denoted
as UTCI_OBS, where Rprim was the solar radiation absorbed by the human body, which
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was evaluated by the SolAlt model combined with cloud data and other observational site
data (including the air temperature, wind, and pressure) [47].

1
Rprim + 0.5L, + 0.5L, 11
Tmrt = prim s 21 —273 1)
0.95 % 5.667 x 108
Ly =55x 1078 x (273 +T)* )
Ly =55 x 1078273 + T)* {0.82 — 025 x 10<—0-°94X0-75P>} G)

Table 1. Thermal comfort indices used in this study.

Thermal Comfort Indices Formula References
HI = —8.784695 + T x 1.61139411 4+ RH x 2.338549 — 0.14611605 x
Heat Index (HI) T x RH — 0.012308094 x T 2 — 0.016424828 x RH? 4+ 2.211732 x 1073 x [14]
T2 x RH+7.2546 x 1074 x RH> x T —  3.582 x 107 x RH? x T?
Temperature-Humidity Index (THI) THI=T-055x (1-RHx0.01) x (T—144) [15]
DI = 05x Tw+ 0.5 x T, and:
Tw = Tarctan (0.151977+/RH + 8.313659) + arctan(T + RH)
Discomfort Index (DI) —arctan(RH — 1.676331) [16,29]
+0.00391838RH>/ 2arctan (0.023101RH)
—4.68035
Universal Thermal Climate Index (UTCI) UTCI =T + Offset(T, Tmrt, v, P) [20]

T: 2 m Air temperature (°C); RH: Relative humidity (%); Tw: Wet-bulb temperature (°C); v: 10 m wind speed
(m/s); P: Water vapor pressure (hPa); Tmrt: Mean radiation temperature (°C).

Moreover, for comparison, the Tmrt with a 0.25° x 0.25° spatial resolution provided
by the ERAS reanalysis data [48] was also used to calculate another UTCI (all denoted as
UTCI_ERAS in the following). Tmrt from ERA5 was interpolated to each observational site
using an inverse distance interpolation (IDW) method.

2.2.2. Separation of Urban and Rural Site Divisions and Urbanization Impacts

To investigate the influence of urbanization on heat stress, we used nighttime light
data (NTL) and demographic data to first classify 86 meteorological stations in Guangdong
Province as urban and rural stations. Areas with higher NTL and populations indicate
that the region has a high urbanization level. First, we identified the average NTL value
in the economically developed areas of the study area as the threshold for distinguishing
urban and rural stations. Then, the average NTL value in a buffer zone within a 10 km
radius around each station was calculated. When the NTL value of a station was larger
than the threshold and the population exceeded 800 people/km?, it was identified as an
urban station. Based on this classification scheme, we classified 86 weather stations into 44
urban stations and 42 rural stations in the study area (Figure 1) [49].

The urbanization effect on thermal comfort indices and the air temperature was
calculated by subtracting the average series (thermal comfort indices or temperature) of
rural stations (excluding the impact of urban stations, R) from the average series (thermal
comfort indices or temperature) of all stations (including the impact of urban stations, A),
(All minus Rural, AMR), and the formula could be expressed as Tamr = Ta — Tr. Ta
represents the trend of the average series in all stations, Tr represents the trend of the
average series in rural stations, and Tayr represents the trend of the urbanization effect.
The contribution rate of urbanization is given by Tayr,Ta X 100%.

The average regional series of the thermal comfort indices and air temperature for
different types of stations were calculated by adopting the Principal components analysis
(PCA) load-weighting method [50], which helps reduce the sampling biases and eliminate
the biases caused by individual stations with problematic data quality.
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Figure 1. Digital elevation model (DEM, orange color scale), nighttime light data (NTL) for the
classification of urban and rural sites (black and white color scale), and spatial distribution information
of meteorological sites for Guangdong Province in China.

2.2.3. Drivers Analysis Methods

We used the partial least squares (PLSR) method to examine the drivers of thermal
comfort indices warming, which has been used to study the drivers of urbanization warm-
ing. The advantages of PLSR analysis are as follows: (1) It is able to establish regression
models for multiple sets of dependent variables and independent variables. (2) It can better
solve the problems existing in the multiple linear regression model: Multicollinearity be-
tween independent variables and the number of sample points being less than the number
of variables in the modeling analysis [51,52]. In the PLSR analysis, thermal comfort indices
were set as dependent variables, while seasonal averages of RH, PRE, SSD, WIN, LSTd,
LSTn, and EVI and annual averages of AHF and DEM were set as independent variables.
It should be noted that the environment within a 5 km radius of the weather station would
affect the recording of atmospheric variables in field observations [53-55]. To reduce the
uncertainty of driving factor analysis, the average value of satellite observations (EVI, LST,
and AHF) in a buffer zone within a 5 km radius around each station were used in the PLSR
analysis. According to the contribution of each factor, the importance of each factor to
thermal comfort indices warming can be determined.

3. Results
3.1. Characteristics of Long-Term Changes of Various Thermal Comfort Indices

Figure 2 shows the spatial distribution of trends for the four thermal comfort indices
during the summer in Guangdong from 1979 to 2018. As shown in Figure 2a—c, at least
80% of the stations in each of the three direct thermal comfort indices considering only
temperature and humidity show an increasing trend (indicated by red dots). The maximum
trend values of DI and THI are approximately 0.30 °C/10a (Figure 2b,c). Although the
number of stations showing increasing and decreasing trends indicated by HI is basically
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the same as DI and THI, most of the stations showing rising trends have a more considerable
increase than DI and THI, especially in the coastal urban areas, where the upward trends
are close to or exceed 0.5 °C/10a (Figure 2a). Compared with the other three direct
thermal comfort indices, the physiological thermal comfort index UTCI exhibits an upward
trend in fewer sites. The difference is primarily that the direct thermal comfort indices
show a weaker increasing trend in the central region, while the UTCI shows a decreasing
trend. The changes indicated by UTCI_OBS are consistent with that of UTCI_ERAS5, which
means that the Tmrt calculated by observational data is in good agreement with the Tmrt
provided by ERA5. The UTCI shows the largest increasing trend in the coastal urban
areas, and the maximum value can reach 0.70 °C/10a (Figure 2d,e). The overall spatial
distribution of variations in the four thermal comfort indices is similar in form. The
trend is gradually increasing from north to south, especially in coastal regions such as
the Greater Bay Area, western Guangdong, and Chaoshan areas (eastern Guangdong),
where the warming trend is significantly higher than inland areas. These areas have
experienced rapid urban expansion and population growth in the past decades, implying
that urbanization may further exacerbate regional high heat stress in Guangdong, which
is consistent with several previous findings [26,27]. From the corresponding relationship
diagram between the nighttime light value of each station and its 40-year trend of thermal
comfort indices (see Figure S1), all four thermal comfort indices increase with the increase
in nighttime light. This has shown intuitively that urbanization has a warming effect in
both direct and physiological thermal comfort indices.
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0.10 - 0.26
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Figure 2. Cont.
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Figure 2. Spatial distribution of temperature trends for four thermal comfort indices HI (a), THI (b),
DI (c), UTCI_OBS (d), and UTCI_ERAD5 (e) in Guangdong during the summer of 1979-2018.

The above variations in the thermal comfort indices are closely related to the changes
in the corresponding meteorological elements (air temperature, relative humidity, and
wind speed). The long-term changes in the summer mean air temperature and those in
the thermal comfort indices are consistent (see Figure 3a), except for sporadic stations, in
which the air temperature in the region shows a significant warming trend. In contrast
to the air temperature, approximately 76% of the stations show a decreasing trend in
relative humidity, indicating that most of the study area is dominated by relative drying
(see Figure 3b), with the most prominent trend in coastal urban areas (especially in the
Great Bay area). Approximately 33% of the sites (also concentrated in coastal urban areas)
exhibit a declining trend in wind speed (see Figure 3c). The gradual increase in buildings
in urban development has a blocking effect on the wind, leading to a decrease in wind
speed in urban areas, which is consistent with the previous studies [56,57]. Although the
changes in the two Tmrt are not completely consistent (see Figure S2), the changes in UTCI
calculated using different Tmrt are generally similar.
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Figure 3. Spatial distribution of the trends of surface air temperature (T2m) (a), relative humidity
(RH) (b), and wind (WIN) (c) in Guangdong during the summer of 1979-2018.

The regional average time series of all stations and urban and rural stations for the four
thermal comfort indices are established using the results of the classification of urban and
rural stations in Guangdong (Figure 4). Although there are fluctuations in the interannual
variation of the thermal comfort indices from 1979 to 2018, the different indices show an
increasing trend from the regional average of the different types of sites. The changes in
all four thermal comfort indices are flat between 1979 and 1997 while varying degrees
of oscillation changes occurred from 1998 to 2018. This is clearly in agreement with the



Remote Sens. 2023, 15, 2750 8of17

changes in meteorological elements within the corresponding period (see Figure S3a). HI
trends were higher than the other three indices, with the largest range in variation, and
the maximum anomaly value is as high as 1.8 °C (Figure 4a). The changes in THI and
DI are almost the same, and the magnitude of change is small compared with HI, with
a maximum anomaly of only 0.8 °C (Figure 4b,c). THI and DI are essentially different
development stages of the same indicator, so they can be mixed [9]. The maximum UTCI
anomaly is up to 1.2 °C, and the UTCI_OBS fluctuation is slightly higher than UTCI_ERAS5,
but both are consistent in terms of long-term changes (Figure 4d,e). As shown in Figure 4,
the warming trend of each thermal comfort index from 1979 to 2018 is also significantly
higher for all stations and urban stations than rural stations, indicating that urban regions
are experiencing more severe heat stress than rural ones.

2.0
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Le| @ City HI *
1.2 Rural HI
0.8
3 04 1
$ o
=
T 04
-0.8
-12
-1.6
-2.0
1979 1984 1989 1994 1999 2004 2009 2014 2018
0.8 0.8
b ~—— All THI * c —— Al DI *
City THL* CityDI*
Rural THI Rural DI, /|
0.4 0.4 \
\
= =
. @)
= .
= =
—0.4 -0.4
-0.8 —0.8
1979 1984 1989 1994 1999 2004 2009 2014 2018 1979 1984 1989 1994 1999 2004 2009 2014 2018
12 12
d —— All UTCI_OBS ——All UTCL_ERAS5
City UTCI_OBS ] ¢ City UTCI_ERAS5 *
0.8 Rural UTCI_OBS /[1! 0.8 Rural UTCI_ERAS5
5 ] =z
OU 0.4 8 0.4
5 w)
=)
0 Z 0
OI =
5 o}
B 04 £ 041
- =)
-0.8 -0.8
—1.2‘ -1.2
1979 1984 1989 1994 1999 2004 2009 2014 2018 1979 1984 1989 1994 1999 2004 2009 2014 2018

Figure 4. Time series of HI (a), THI (b), DI (c), UTCI_OBS (d), and UTCI_ERAS (e) thermal comfort
indices (anomaly) at all, urban, and rural stations in Guangdong during the summer of 1979-2018. A

black asterisk indicates 5% significance level.
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3.2. Contribution of Urbanization to Thermal Comfort Indices and Its Variations through Time

From 1979 to 2018, the warming trend of the summer mean air temperature in Guang-
dong is significant at the 5% confidence level with values of 0.13 °C/10a (p < 0.05) (Table 2).
The warming trends of the direct thermal comfort indices are all significant at the 5%
confidence level with values of 0.25 °C/10a, 0.07 °C/10a, and 0.09 °C/10a, respectively,
while the warming trend of the UTCI is not statistically significant in Guangdong, with
a value of 0.08 °C/10a. In urban areas, the changes in direct thermal comfort indices
and mean temperature are significant at the 5% confidence level. In rural areas, only the
changes in the mean temperature reach significance at the 5% level (Table 2). The four
thermal comfort indices show a warming rate of 0.07-0.25 °C/10a in the study area and
0.03-0.17 °C/10a in the non-urban areas. Figure 5 further shows that the urbanization
contribution to warming of all four thermal comfort indices reaches the 5% significance
level between 1979 and 2018, indicating that urbanization has had a significant impact on
heat stress change in the research area during the previous 40 years. Among the warm-
ing contribution of urbanization to the four thermal comfort indices, HI is higher than
other thermal comfort indices (0.08 °C/10a), followed by UTCI, DI, and THI (0.04 °C/10a,
0.03 °C/10a, and 0.02 °C/10a, respectively), which are close to that of the contribution
of urbanization to air temperature. In other words, the additional warming of the four
thermal comfort indices caused by urbanization over the last 40 years is 0.02-0.08 °C/10a.
The contribution rate of urbanization to the summer direct thermal comfort indices is close
to one-third of the total warming from 1979-2018 (Table 2), which is consistent with the
contribution rate of urbanization warming to the mean temperature (32.03%), while the
contribution rate of urbanization to UTCI is significantly higher (50%).

Table 2. The change trends for the summer mean temperature and the thermal comfort indices in
Guangdong from 1979 to 2018 and 2004 to 2018 (°C/10a).

Time Variable ALL City Rural AMR
T2m 0.13 £ 0.08 0.17 £ 0.08 0.09 £ 0.08 0.04 £ 0.02
HI 0.25 £ 0.18 0.33 £0.20 0.17 £0.17 0.08 - 0.04
1979-2018 THI 0.07 £ 0.06 0.10 £ 0.06 0.05 4 0.06 0.02 £ 0.01
- DI 0.09 £ 0.07 0.11 £ 0.07 0.06 & 0.07 0.03 £ 0.01

UTCI_OBS 0.08 £+ 0.12 0.12 £ 0.13 0.04 £ 0.11 0.04 £ 0.02
UTCI_ERA5 0.08 £0.10 0.12 4+ 0.11 0.04 £ 0.09 0.04 £ 0.02

T2m 0094035 0124040  005+032  0.04+0.08

HI 0754085  087+097 0624076  0.13+0.18

THI 030+031 0324033 0284029 002006

2004-2018 DI 029+032 0324035 0274030 003006

UTCI_OBS 0.46 £+ 0.56 0.62 + 0.62 0.29 + 0.50 0.17 % 0.09
UTCI_ERA5 0.44 £ 0.50 0.61 £ 0.56 0.27 £0.46 0.17 4 0.10

The bolded numbers indicate 5% significance level. Trend: Mean + 1.96 x Standard Error.

However, from 2004 to 2018, the greening in Guangdong Province has a mitigating
effect on urbanization warming [55]. Therefore, to investigate whether urbanization con-
tributes significantly to the thermal comfort indices warming during the greening period,
we also use the AMR approach to quantify the effect of urbanization on the four thermal
comfort indices from 2004-2018 (greening mitigated warming in this period) (Table 2, see
also Figure 5). The warming trend of the summer mean temperature and the direct thermal
comfort indices (HI, THI, and DI) from 2004 to 2018 become insignificant in the Guang-
dong region, urban, and rural areas. However, the significance of UTCI has no change
in this period compared to 1979-2018. Correspondingly, the contribution of urbanization
to direct thermal comfort indices is no longer significant during the period of 2004-2018
(greening period). This indicates that the greening of regional vegetation is likely to offset
the warming effect caused by urbanization to a certain extent, which leads to the insignif-
icant warming trend of direct thermal comfort. However, urbanization’s contribution
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to the warming of the physiological index (UTCI) remains significant at approximately
0.17 °C/10a, exceeding urbanization’s contribution to the three direct thermal comfort
indices in the greening period. The urbanization effect on changes in the physiological
index still reaches significant levels and needs to be considered.

B 40YEAR

030 T B 15YEAR

(°C/10a)

AMR trend

—0.05

-0.10 T T T T T
HI THI DI UTCI_OBS  UTCI_ERAS

Figure 5. The warming contribution of urbanization to the four thermal comfort indices from 1979 to
2018 (red) and from 2004-2018 (green). Trend: Mean + 1.96 x Standard Error.

4. Discussions
4.1. Variation of Different Thermal Comfort Indices with Temperature and Humidity

From 1979 to 2018, the three direct thermal comfort indices show a significant upward
trend in the urban areas of Guangdong Province, while the warming trend in rural areas
was not significant. In contrast, air temperatures in both urban and rural areas have shown
significant warming. Although the warming trend of UTCI is not significant in both urban
and rural areas (except for UTCI_ERADS in the city), the urbanization contribution to the
warming of UTCI is significant, which is consistent with the situation of the direct thermal
comfort indices and air temperature.

The consistency of changes between air temperature and thermal comfort indices
may be related to the definition of thermal comfort indices. Air temperature and relative
humidity are important variables for calculating the thermal comfort index. Therefore, we
examine the relationship between thermal comfort indices and air temperature and relative
humidity within a certain range. The results show that the four thermal comfort indices
have similar variations with changes in air temperature and humidity and the thermal
comfort indices increase with an increase in both temperature and relative humidity,
but there are some differences in the sensitivity of each index to these two variables
(Figure 6). Taking into account the law of changing air temperatures and relative humidity
in Guangdong (Figure S4), this study takes the air temperature from 28 °C to 29 °C and
the relative humidity from 75% to 85% as an example (this is the most common situation)
to further examine the differences in the sensitivity of thermal comfort indices to air
temperature and relative humidity (Figure 6). A 1 °C increase in the air temperature at a
certain relative humidity leads to an increase in HI by 2.3-3.0 °C, and a 10% increase in
relative humidity at a certain temperature leads to an increase in HI by 1.5-2.3 °C. Hl is a
high air temperature index and is more suitable for high air temperatures [25]. THI and DI
behave similarly regarding variation in changes in air temperature and relative humidity,
with a 1 °C increase in air temperature leading to increases in THI and DI of 0.8-1.0 °C
and a 10% increase in relative humidity leading to increases in THI and DI of less than
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0.8 °C. Under the conditions of fixed wind speed and Tmrt, the variation of UTCI with
air temperature and relative humidity is similar to THI and DI but with a slightly larger
magnitude (1.0-1.5 °C). A 10% decrease in relative humidity (from 85% to 75%) at 28 °C
can result in a decrease of approximately 0.72-1.5 °C in the four thermal indices, while a
1 °C decrease in air temperature at a certain relative humidity can result in a decrease of
approximately 1-2.3 °C in the four thermal indices. Accordingly, the direct thermal comfort
indices are marginally more sensitive to air temperature changes than relative humidity,
which may lead to urbanization having exactly the same effect on the direct thermal comfort
indices as air temperature [22,26,29,55]. In the context of continuous urbanization and
climate change, the sensitivity of thermal comfort indices to temperature changes remains
higher than that of relative humidity even in coastal areas with high relative humidity [35].
Given that greenery can mitigate urban warming, greening construction may also alleviate
the exacerbation of heat stress to some extent [58].

a.HI

24 25 26 27 28 29 30 31 32 24 25 26 27 28 29 30 31 32
T2m(°C) T2m(°C)
|

24 25 26 27 28 29 30 31 32 24 25 26 27 28 29 30 31 32
T2m(°C) T2m(°C)

Figure 6. Dependence of the HI (a), THI (b), DI (c) (unit: °C) on relative humidity (RH, unit: %) and
air temperature (T2m, unit: °C), and dependence of the UTCI (d) (unit: °C) on relative humidity and
air-temperature-fixed wind speed and mean radiation temperature.

4.2. Driving Factors Analysis of Regional Thermal Comfort Indices

The PLSR model is established by using several meteorological, environmental, and
geographical factors to analyze the driving factors of thermal comfort indices in Guangdong
from 2004-2018 (Table 3). In general, the drivers of the three direct thermal comfort indices
are relatively consistent across the study area, urban, and rural areas. The driving factors
of all three direct thermal comfort indices are DEM and LSTn (at the 5% significance level),
while the coefficient weights with significant effects on UTCI are WIN, DEM, and LSTn
(at the 5% significance level). The importance of DEM to thermal comfort may be related
to the local geographical distribution of cities, with cities in Guangdong usually located
in low-altitude areas. In Guangdong, the NTL of cities increased with the decrease in
altitude (Figure S5). Wind speed is ranked first in importance among the driving factors of
UTC], indicating that wind speed has a highly significant effect on UTCI. According to the
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relationship between wind and UTCI (see Figure 7a), it is also apparent that the change in
UTCl is very sensitive to the change in wind velocity.

Table 3. Ranking of different thermal comfort index drivers in Guangdong during the summer of

2004 to 2018.
Station Classification =~ Thermal Comfort Indices R? Drive Factor Ranking

HI 0.82 DEM * LSTn * RH PRE SSD LSTd AHF WIN EVI

THI 0.83 DEM * LSTn * PRE LSTd SSD AHF WIN RH EVI

All DI 0.83 DEM * LSTn * RH PRE SSD LSTd WIN AHF EVI
UTCI_OBS 0.75 WIN * DEM * LSTn * RH PRE SSD EVI LSTd AHF

UTCI_ERA5 0.72 WIN * DEM * LSTn * PRE EVI RH ANF SSD LSTd

HI 0.49 LSTn * DEM * LSTd RH EVI WIN SSD PRE AHF

THI 0.52 DEM * LSTn * RH LSTd PRE AHF SSD WIN EVI

City DI 0.50 DEM * LSTn * LSTd PRE SSD AHF EVI RH WIN
UTCI_OBS 0.70 WIN * DEM * LSTn * RH SSD EVI LSTd AHF PRE

UTCI_ERA5 0.69 WIN * DEM * LSTn * SSD EVI PRE AHF RH LSTd

HI 0.78 DEM * LSTn * RH PRE AHF SSD LSTd WIN EVI

THI 0.80 DEM * LSTn * PRE WIN RH AHF LSTd SSD EVI

Rural DI 0.79 DEM * LSTn * PRE RH WIN AHF SSD LSTd EVI
UTCI_OBS 0.73 WIN * DEM * LSTn * PRE AHF RH EVI SSD LSTd
UTCI_ERA5 0.67 WIN * DEM * LSTn * PRE EVI SSD AHF LSTd RH

Notes: * indicates 5% significance level.

8 0.4 b
——All WIN
7 0.3 —— City WIN*
——Rural WIN*
6
~5 % = ?Q\
Rd o S by
E ~
g, g
Z -’
= Z
= =
3 =
2
1 -0.3
S
0 : 0.4
20 35 2004 2006 2009 2012 2015 2018

T2m(°C)

Figure 7. Dependence of the UTCI (unit: °C) on (a) wind speed (WIN, unit: m/s) and air temperature
(T2m, unit: °C) fixed relative humidity and mean radiation temperature, and (b) regional mean wind
speed variation for all, urban, and rural stations from 2004 to 2018. A black asterisk indicates 5%

significance level.

According to the analysis in Section 4.1, we know that the direct thermal comfort
indices are more sensitive to air temperature [22]. However, Chao et al. [55] found that the
large-scale vegetation greening in Guangdong from 2004-2018 had an important modulat-
ing effect on the land surface temperature, especially the nighttime land surface temperature
(LSTn). The urbanization warming of both the maximum daytime air temperature and the
minimum nighttime air temperature has become insignificant during this period. From
Table 3, it can be seen that the factors with important modulating effects in different thermal
comfort indices include LSTn, indicating that vegetation greening may indirectly mitigate
thermal comfort indices by regulating the nighttime land surface temperature. This may
further make the contribution of urbanization to the three direct thermal comfort indices
warming become insignificant. Previous studies have proved that vegetation greening af-
fects the local temperature by reducing albedo and improving the water and heat exchange
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rate between the surface and the atmosphere [59]. The decreased solar heat through vege-
tation shading and the increased latent cooling due to the increase in evapotranspiration
can reduce the air temperature [60,61]. Ng et al. [60] showed that vegetation accounted
for more than 33% of the urban area in Hong Kong, which could reduce the temperature
by 1 °C. Fan et al. [43] pointed out that in the Guangdong-Hong Kong-Macau Greater
Bay Area, low vegetation types have a better cooling effect on air temperature. Therefore,
vegetation greening is an important heat mitigation strategy for urban outdoor thermal
comfort, primarily through reducing the air temperature.

However, the physiological thermal comfort index UTCI is sensitive to both air tem-
perature and wind [62]. From Table 3, the driving factors of UTCI are WIN, DEM, and LSTn
(at the 5% significance level), and WIN is the most important modulation factor. In the past
15 years, the urban wind speed has decreased, while the rural wind speed has continued
increasing (see Figure 7b). Since the limited open space between high-rise buildings reduces
the permeability of air ventilation near the surface, the urban wind speed decreases with
the development of cities, even in coastal cities (Figure 3c) [63-65]. UTCI increase with the
decrease in wind speed (see Figure 7a), resulting in the UTCI still maintaining a significant
level of urbanization warming. Meanwhile, as shown in Figure S6d—e, there is a good
correlation between the trend of UTCI and the trend of wind speed. UTCI shows a warming
trend when the wind speed shows a decreasing trend. The decrease in ventilation caused
by continuous urban construction is one of the most important factors exacerbating urban
outdoor thermal comfort [66]. Wind can reduce the urban air temperature by increasing
cool air advection and atmosphere mixing of cool and hot air [67]. He et al. [68] found that
wind cooling performance does exist and is more significant in a wider area. He et al. [66]
found that there may be differences in the wind cooling capacity between inland winds and
sea winds because compared to inland winds, sea winds weaken more urban heat island
effects and more areas experience cold island effects. Therefore, the urban air ventilation
environment of a city should be noted immediately, as rational urban construction that
increases the penetration of cold air can mitigate the urban outdoor thermal comfort [66].
In future urban planning, natural factors can be considered to improve urban ventilation,
such as the prevailing wind or the land—-sea breeze. In coastal cities, high-rise buildings in
a line should be avoided, which will separate the seaside from inland, thus blocking the
path of the fresh air flow from the sea into the city [69]. Due to the coarse spatial resolution
of LST, EVI, and AHF, there is the problem of mixed pixels, which may deviate from the
actual situation of the site area. With the development of remote sensing technology, the
spatial resolution of various remote sensing data products has been improved. In the future,
relevant research can be conducted based on high-spatial-resolution data to reduce the
uncertainty caused by a rough spatial resolution. For example, compared to NTL from the
Defense Meteorological Satellite Program’s Operational Linescan System (DMSP-OLS) with
a coarse spatial resolution, NTL from NPP-VIIRS with a finer spatial resolution has a better
NTL detecting ability [70]. In addition, the physiological thermal comfort index (UTCI),
which considers how humans perceive the thermal environment, has certain advantages in
describing the impact of urbanization on the regional climate and environment [43], which
should also be fully considered when formulating future policies to deal with the impacts
of urbanization on climate.

5. Conclusions

Based on four thermal comfort indices (three direct thermal comfort indices, HI, THI,
DI, and a physiological thermal comfort index, UTCI), we explore urbanization’s influence
on the heat stress change in summer in Guangdong over different periods, namely 1979—
2018 and 2004-2018. Furthermore, the influence of urbanization on thermal comfort indices
and their driving factors were analyzed in a PLSR model using multi-source remote sensing
data (including land surface temperature, vegetation index, anthropogenic heat flux, and a
digital elevation model) and meteorological observation station data.
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(1)  All four thermal comfort indices show an overall warming trend between 1979 and
2018. The direct thermal comfort indices (e.g., HI, THI, and DI) show warming
trends at the 5% significance level (0.25 = 0.18 °C/10a, 0.07 £ 0.06 °C/10a, and
0.09 £ 0.07 °C/10a, respectively), while the physiological thermal comfort index
(UTCI) does not warm significantly (0.08 & 0.12 °C/10a, 0.08 & 0.10 °C/10a). This
indicates that using different thermal comfort indices helps to understand the tem-
poral and spatial changes in regional heat stress in southern China from different
perspectives.

(2) Interms of spatial distribution, the thermal comfort indices show more pronounced
warming trends in urban areas than those in rural areas, which shows that the
heat stress in the study area is affected by urbanization to a certain extent. From
1979-2018, the urbanization effect on all four thermal comfort indices reaches signif-
icance at the 5% level (0.08 + 0.04 °C/10a, 0.02 + 0.01 °C/10a, 0.03 £+ 0.01 °C/10a,
0.04 £0.02 °C/10a, 0.04 £ 0.02 °C/10a); during the period of 2004-2018 when re-
gional vegetation greening occurs, the urbanization effect on the direct thermal com-
fort indices becomes insignificant (0.13 + 0.18 °C/10a, 0.02 £+ 0.06 °C/10a, and
0.03 £ 0.06 °C/10a, respectively), while it remains significant (0.17 & 0.09 °C/10a)
for UTCL From the perspective of human thermal health problems caused by ur-
banization, we agree with Fan et al. [43] that the UTCI in the Guangdong-Hong
Kong—Macau Greater Bay Area has certain advantages over the above direct thermal
comfort indices.

(3) Analysis of the driving factors of thermal comfort indices may aptly explain the
difference in the urbanization effects of specific indices. The direct thermal comfort
indices (HI, THI, and DI) in the study area are primarily determined by the air
temperature. Due to the greening of vegetation over the past few years, the warming
due to urbanization has become insignificant [55], and thus the urbanization effects on
the direct thermal comfort indices are similarly insignificant. However, wind speed
plays a more critical role in the physiological index (UTCI): Decreasing wind speeds
in urban areas leads to an increase in UTCI, while wind speeds in rural areas increase
instead, thus widening the UTCI differences between urban and rural.

Based on the above findings, the coordination of the main function layout in urban
construction should be strengthened in relation to the response to global warming caused
by greenhouse gases. In addition to focusing on the rise of urban temperature, the impact
of other meteorological factors (e.g., wind speed) on human heat stress must be taken into
account. Building urban ventilation corridors and improving urban vegetation at lower
levels are, from the perspective of this paper, effective means to help humans adapt to the
increased heat stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15112750/s1. Figure S1: The relationship between the urban-
ization trends and the NTL values in HI (a), THI (b), DI (c), UTCI_OBS (d), and UTCI_ERAD5 (e)
anomaly in Guangdong during the summer of 1979 to 2018. Figure S2: Spatial distribution of the
change trends of Tmrt_OBS (a) and Tmrt_ERAS5 (b), and the anomaly time series of Tmrt_OBS (c)
and Tmrt_ERADS (d) at all, urban and rural stations in Guangdong during the summer from 1979
to 2018. Figure S3: Time series of T2m (a), RH (b), and WIN (c) anomaly at all, urban and rural
stations in Guangdong during the summer of 1979 to 2018. Figure S4: Actual distribution of T2m
and RH in Guangdong during the summer of 1979 to 2018. Figure S5: The relationship between the
DEM and the NTL values in Guangdong. Figure S6: The relationship between the thermal comfort
indices anomaly trend and the wind anomaly trend in HI (a), THI (b), DI (c), UTCI_OBS (d), and
UTCI_ERAD5 (e) anomaly in Guangdong during the summer of 2004 to 2018.
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