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Under the combined effects of global warming and local human activities such as
urbanization, increasing populations are exposed to the threat of extreme heat
events. While the effects of regional urbanization on the changes in air temperature
and its extremes have been well studied, the effects on mean and extreme human
perceived temperatures (HPT) are still to be explored. Based on a dynamic
meteorological station classification approach, this study quantitatively assessed
the impacts and relative contribution of urbanization on the mean and extreme
human perceived temperatures in South China by analyzing ten different human
perceived temperatures indicators and taking Guangdong Province as an example. It
was found that for all human perceived temperatures indicators, the mean human
perceived temperatures and the frequency of extreme human perceived
temperatures events in South China notably increased from 1971 to 2020,
especially in the regions with comparatively higher levels of local urbanization
(e.g., the Pearl River Delta). Urbanization contributed significantly to the long-
term changes in both mean and extreme human perceived temperatures in
Guangdong. On average, the relative contributions of urbanization to the total
increases in mean human perceived temperatures and the frequency of extreme
human perceived temperatures events were 15.5% and 15.1%, respectively. These
contributions vary across different human perceived temperatures indicators, and
the urbanization contributions to the human perceived temperatures indicators that
consider the combined effects of wind speed were even higher than those merely
related to near-surface air temperature and humidity. Among different seasons, the
contributions of urbanization to mean and extreme human perceived temperatures
in both fall and winter were greater than that in spring and summer. The findings
reported here provide scientific advice for governments’ policy-making and adaption
for human-perceived thermal comfort in subtropical humid climate zones.

KEYWORDS

urbanization effects, extreme weather events, South China, compound heat-humidity
extremes, human perceived temperature

1 Introduction

In the context of global climate change, air temperatures have been increasing and will
continue to rise worldwide, with posing impacts on human society and the ecological
environment (Sun et al., 2014; Mishra et al., 2015; Hua et al., 2021; IPCC, 2021; Tuholske
et al., 2021; Wang and Yan, 2021). Accordingly, extreme heat events are becoming more frequent
and intense and will exhibit a significant increase tendency in the near future (Liu et al., 2018;
Perkins-Kirkpatrick and Lewis, 2020; Ning et al., 2022). With rapid economic growth and
urbanization since the reform and opening up, China has become one of the most vulnerable
and sensitive regions suffering from extreme heat (Lin et al., 2020;Wang et al., 2021a; Luo and
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Lau, 2021; Tian et al., 2021). The increasing risk of high temperature
has been a growing threat to China’s social environment and
ecosystem over the past half-century (Chen and Zhai, 2017; You
et al., 2017).

Land use changes together with the anthropogenic release of
greenhouse gases and heat during the process of urbanization
have contributed to increasing the occurrence of extreme heat
events in Guangdong, especially in the Pearl River Delta (PRD)
(Hao et al., 2018; Lin et al., 2020). People living in urban areas are

exposed to both global warming and urbanization effects, such as
the Urban Heat Island (UHI), which intensifies the risk of urban
residents to heat events (Oke, 1973; Oke, 1982; Kim, 1992; Li et al.,
2019). Additionally, the low albedo of the urban subsurface leads
to increased absorption of short-wave radiation, creating a
heating effect on urban areas. Also, urban buildings increase
surface roughness and frictional resistance, thus leading to
lower surface wind speeds and inhibiting heat exchange at the
air-land interface. The slowed wind speed hinders the exchange of

FIGURE 1
Spatial distribution and classification of urban and rural meteorological stations in Guangdong Province. (A) Spatial distribution of 86 meteorological
stations in Guangdong Province, with red and cyan dots representing urban and rural stations in 2015, respectively; (B) Changes in urban and rural stations
from 1980 to 2015, with red and cyan representing the number of urban and rural stations, respectively.

TABLE 1 Summary of multiple human perceived temperature (HPT) indicators in this study.

Indicators Full name Equation Reference

ATin Apparent
Temperature
(indoors)

ATin � −1.3 + 0.92 × T + 2.2 × Ea Steadman
(1979)

ATout Apparent
Temperature
(outdoors, in the
shade)

ATout � −2.7 + 1.04 × T + 2 × Ea − 0.65 × V

DI Discomfort
Index

DI � 0.5 × WBT + 0.5 × T Epstein and
Moran (2006)

ET Effective Index ET � T − 0.4 × (T − 10) × (1 − 0.001 × RH) Gagge et al.
(1972)

HI Heat Index HI � −8.784695 + 1.61139411 × T − 2.338549 × RH − 0.14611605 × T × RH − 1.2308094 × 10−2 × T2

−1.6424828 × 10−2 × RH2 + 2.211732 × 10−3 × T2 × RH + 7.2546 × 10−4 × T × RH2 + 3.582 × 10−6 × T2 × RH2

Rothfusz
(1990)

HMI Humidex HMI � T + 0.5555 × (0.1 × Ea − 10) Masterton
et al. (1979)

MDI Modified
Discomfort
Index

MDI � 0.75 × WBT + 0.38 × T Moran et al.
(1998)

sWBGT Simplified Wet
Bulb
Temperature

sWBGT � 0.567 × T + 0.0393 × Ea + 3.94 Willett and
Sherwood
(2012)

NET Net Effective
Temperature

NET � 37 − 37−T
0.68−0.0014 × RH+ 1

1.76+1.4 × V0.75
− 0.29 × T × (1 − 0.01 × RH) Houghton

and Yaglou
(1923)

WCT Wind Chill
Temperature

WCT � 13.12 + 0.6215 × T − 11.37 × (V × 3.6)0.16 + 0.3965 × T × (V × 3.6)0.16 Osczevski and
Bluestein
(2005)
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heat and air emitted from the human surface, making the
temperature felt by the human body higher (Wang et al., 2021b).

Compared with extensive studies on surface temperature or near-
surface temperature warming, fewer studies have focused on the
effects of rapid urbanization on the changes in human perceived
temperature (HPT) (Liu et al., 2018; Wang et al., 2021b; Luo and Lau,
2021), which describes the joint influences of multiple surrounding
atmospheric factors, including air temperature, relative humidity, and
wind speed, etc. HPT is a bio-meteorological indicator that measures
human comfort in different environments from a meteorological
perspective based on the heat exchange between the human
organism and the surrounding environment. It plays an important
role in urban environmental meteorological services. However, there is
still no universally accepted or unified indicator of HPT currently

(Blazejczyk et al., 2012; Li et al., 2018; Zhang et al., 2022). On the one
hand, previous studies on extreme high temperatures mainly focused
on near-surface air temperature, such as daily maximum and
minimum temperatures, yet few considered the combined effects of
multiple environmental factors on HPT (Liu et al., 2018; Wang et al.,
2021b). On the other hand, previous studies mostly focused on a single
indicator of HPT, but there was a scarcity of cross-sectional
comparisons of HPT defined by multiple methods.

With more and more people moving to urban areas, the world’s
urbanization level has climbed from 36.6% in 1970% to 56.6% in 2021.
It is projected to reach 60.4% in 2030 (United Nations Department of
Economic Social Affairs, 2018). As the largest provincial economy in
China, Guangdong Province has a high urbanization level of 74.63%.
The high level of industrialization and urbanization attracts a large

FIGURE 2
Spatial distribution of the long-term trends in annual mean HPT and actual air temperature (T) in Guangdong from 1971 to 2020: (A) ATin, (B) ATout, (C)DI,
(D) ET, (E) HI, (F) HMI, (G) MDI, (H) sWBGT, (I) NET, (J) WCT, and (K) T.
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number of labor force extremely concentrated in Guangdong.
However, it is still unclear whether and to what extent regional
urbanization affects the long-term changes in HPT in Guangdong
and its extremes as defined by multiple indicators. It is also unclear
whether the distinctions exist in the effects of urbanization on
various definitions of HPT under global warming. Therefore, it is
of great significance to examine the changes in multiple HPT
indicators and their extremes to understand regional climate
change with urbanization effects comprehensively.

This study aims to examine the spatial and temporal changes in
HPT based on multiple definitions and their extremes in South China
from 1971 to 2020 by taking Guangdong Province as an example, and
to quantitatively assess the effect of urbanization on the long-term
changes of mean and extreme HPT. Exploring the risk of increasing

HPT and its extremes under global warming and regional
urbanization has great implications for governmental decision-
makers and urban planners in mitigating extreme weather events
and severe thermal conditions.

2 Data and methods

2.1 Study area

In southern China, Guangdong Province is characterized by a
subtropical monsoon climate with long, hot, and humid summers and
relatively short and cool winters. Although Guangdong accounts for only
1.87% of the country’s land area, it holds the largest provincial economy in

FIGURE 3
Temporal changes of the annual mean of HPT and T in the urban (red) and rural (cyan) areas of Guangdong from 1971 to 2020: (A) ATin, (B) ATout, (C) DI,
(D) ET, (E)HI, (F) HMI, (G)MDI, (H) sWBGT, (I)NET, (J)WCT, and (K) T. The red and cyan straight lines indicate the linear trends of urban and rural mean series,
respectively, with the shading denoting their corresponding 95% confidence intervals.
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China, contributing 10.87% of its Gross Domestic Product (GDP). In
2021, the resident population in Guangdong reached 126.84 million,
accounting for 8.23% of the country’s total population. The urbanization
level in Guangdong reached 74.6% in 2021, notably 87.5% in the PRD in
central Guangdong. PRD gathers 53.35% of the total population of the
whole province but with less than one-third of the provincial land area
(National Bureau of Statistics of China, 2020; Statistics Bureau of
Guangdong Province, 2020). As one of the most highly urbanized and
populated provinces in China, Guangdong Province has been
experiencing pronounced regional climate change extremes, resulting

in severe impacts on the local human social and economic development
(Luo and Lau, 2017; Lin et al., 2020).

2.2 Classification of urban and rural sites

In this study, meteorological observations were collected from the
China Meteorological Data Service Center (http://data.cma.cn/). The
data have been homogenized, homogeneity-checked, and widely
used in climate change studies (Xu et al., 2013). To ensure time

FIGURE 4
Long-term trends in urban (red) and rural (cyan) means of HPT and T in Guangdong from 1971 to 2020 and their urbanization effects (black): (A) ATin, (B)
ATout, (C)DI, (D) ET, (E)HI, (F)HMI, (G)MDI, (H) sWBGT, (I)NET, (J)WCT, and (K) T. The percentage number in black color indicates the corresponding relative
urbanization contribution (UC).
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continuity and data completeness, a total of 86 meteorological
observations in Guangdong from 1971 to 2020 were selected
(Figure 1A).

To classify urban and rural stations and then further quantify the
urbanization effects on HTP changes, land use change data were obtained
from the Resources and Environmental Science Data Center, the Chinese
Academy of Sciences (http://www.resdc.cn/). This dataset contains the
land use information of China in nine individual years (i.e., 1980, 1990,
1995, 2000, 2005, 2008, 2010, 2013, and 2015) at a horizontal resolution of
30 m. As suggested by previous studies (Yang et al., 2017; Luo and Lau,
2019; Tong et al., 2022), a circular buffer zone with a radius of 7 km was
first established at the center of each station, and then the built-up area
fraction (BAF) within each buffer zone was calculated. A larger value of
BAF indicates a higher level of urbanization around the station
and vice versa. A station is considered as an urban type only if its
BAF within the buffer zone of the site is greater than 20%, and vice
versa for a rural station (Yang et al., 2017; Luo and Lau, 2019;
Tong et al., 2022). Figure 1A maps the spatial distribution of
urban and rural sites in Guangdong in 2015, showing that urban
stations in Guangdong are mainly distributed within the PRD
region and the Chaozhou-Shantou region, suggesting the high
level of urbanization in these regions. Rural stations are mainly
distributed in the mountainous areas of northern Guangdong.
Figure 1B depicts the time-varying classification of urban sites
and rural stations from 1980 to 2015, and shows that a large
number of rural stations have been transformed into urban types
during the process of urbanization since the 1970s.

2.3 Definition of HPT indicators

To ensure a comprehensive investigation, we compared the
HPT changes based on ten different definitions in this study. As
listed in Table 1, most of these HPT indicators are calculated from
temperature (T, unit: °C) and relative humidity (RH, unit: %) or
water vapor pressure (Ea), and outdoor apparent temperature
(ATout), net effective temperature (NET) and wind chill
temperature (WCT) consider the additional effect of wind
velocity (V, unit: m/s). In this study, we first calculated daily
HPT values from daily T, RH, and V values, and then aggregated
daily HPT to monthly means.

To exclude the possible influence of the absolute HPT
magnitudes in different subregions of Guangdong, we
examined the HPT anomalies in this study. The yearly and
seasonal mean HPT anomalies were obtained by averaging the
monthly anomalies, which were calculated by subtracting the
multi-year climatological mean in the same calendar month of
the reference period of 1971–2000 from the original monthly HPT
value. For example, the HPT anomalies for January 1971 are equal
to the HPT value in January 1971 minus the average of 30 HPT
values in 30 Januaries of 1971–2000. In addition to the mean HPT,
this paper also explored the long-term changes and effects of
extremely high HPT events. An extremely high HPT day was
defined as when daily HPT exceeds the 90th quantile of HPT over a
15-day window centering the same calendar day of the reference
period (Wang et al., 2019; Wang et al., 2021b).

TABLE 2 Long-term trends in seasonal mean HPT in Guangdong from 1971 to 2020 and their urbanization effects and contributions. It includes the average urban trend
(Tu, °C/10a), average rural trend (Tr, °C/10a), urbanization effect (UE, °C/10a), and urbanization contribution (UC, %), and the HPTmean column indicates the mean value
by averaging all HPT indicators (by excluding T). All trends are significant at the 0.05 level, as evaluated by the modified non-parametric Mann-Kendall trend test.

Season ATin ATout DI ET HI HMI MDI sWBGT NET WCT T HPTmean

Spring Tu 0.3 0.33 0.23 0.18 0.39 0.37 0.24 0.22 0.27 0.3 0.33 0.28

Tr 0.26 0.3 0.21 0.15 0.32 0.35 0.22 0.21 0.19 0.26 0.3 0.25

UE 0.04 0.03 0.02 0.03 0.07 0.02 0.01 0.01 0.08 0.04 0.03 0.04

UC 12.4 10.1 9 17.9 17.7 5.6 4.4 3.2 28.9 34.1 18.9 14.3

Summer Tu 0.3 0.3 0.22 0.17 0.58 0.4 0.23 0.24 0.23 0.32 0.27 0.30

Tr 0.26 0.28 0.19 0.13 0.49 0.38 0.21 0.24 0.19 0.23 0.2 0.26

UE 0.05 0.02 0.03 0.04 0.09 0.02 0.01 0 0.04 0.09 0.07 0.04

UC 15 8 12.4 24 16.2 5.1 6.4 1.8 17.2 28.6 25.8 13.5

Autumn Tu 0.49 0.52 0.39 0.29 0.62 0.63 0.41 0.38 0.42 0.53 0.47 0.47

Tr 0.41 0.46 0.34 0.23 0.5 0.57 0.38 0.35 0.33 0.38 0.36 0.4

UE 0.08 0.06 0.05 0.06 0.13 0.06 0.04 0.03 0.09 0.15 0.11 0.08

UC 16.1 11.6 12.9 21.8 20.6 9.4 8.7 7.1 21.1 28.6 22.9 15.8

Winter Tu 0.43 0.47 0.36 0.26 0.44 0.54 0.39 0.32 0.39 0.44 0.42 0.4

Tr 0.34 0.39 0.3 0.2 0.35 0.45 0.33 0.27 0.25 0.25 0.32 0.31

UE 0.09 0.08 0.06 0.06 0.09 0.09 0.06 0.05 0.14 0.18 0.1 0.09

UC 20 17.5 16.7 22.8 20.8 16.8 14.2 15.7 36.3 42 23.2 22.3
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2.4 Evaluation of urbanization effects

In this study, the urbanization effect (UE) was quantified as the
difference in the long-term trends between urban and rural time series
of HPT (Ren and Zhou, 2014; Sun et al., 2016; Luo and Lau, 2018):
UE � Tu − Tr, where Tu and Tr represent the HPT trends in urban
and rural areas (by averaging the corresponding urban and rural
stations), respectively, over the whole study period of 1971–2020. The
relative urbanization contribution (UC) was calculated from UE and
Tu: UC � |(Tu − Tr)/Tu| × 100%. Here, the long-term trends were
estimated by simple linear regression, and their significance was
assessed by a modified non-parametric Mann-Kendall trend test
(Hamed and Rao, 1998).

3 Results

3.1 Long-term changes in mean HPT and
urbanization effects

Figure 2 shows the spatial distribution of the long-term trend in
annual mean HPT based on different definitions from 1971 to 2020.
Figures 2A–J represent trends of different HPT indicators in
Guangdong Province, and Figure 2K represents the actual air
temperature (T) for comparison. As the figure shows, all T and
HPT indicators exhibit increasing trends during 1971–2020, and
the warming trends of mean HPT and T in the PRD and
Chaozhou-Shantou regions are generally stronger than those in

FIGURE 5
Spatial distribution of the long-term trends in annual frequencies of extremely hot HPT and T days in Guangdong from 1971 to 2020: (A) ATin, (B) ATout,
(C) DI, (D) ET, (E) HI, (F) HMI, (G) MDI, (H) sWBGT, (I) NET, (J) WCT, and (K) T.
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other regions. Among different HPT indicators, HI and HMI have
stronger increasing tendencies, while ET and DI exhibit relatively
smaller increases. Also, compared with other indicators, NET and
WCT that consider the combined effect of wind speed warm even
faster, especially in more urbanized areas such as the PRD region.
Rural areas such as northern Guangdong experienced a relatively
slower warming trend in all temperature indicators. These
differences suggest that urbanization may have a greater effect
on wind speed-related HPT, such as NET and WCT, than other
HPT indicators.

Figure 3 shows the temporal changes of annual mean HPT and T
in urban and rural areas of Guangdong. All temperature indicators in
both rural and urban areas show significant increasing trends since the
1970s. Interestingly, the magnitudes of the increasing HPT trend in

urban areas are stronger than those in rural areas, demonstrating a
prominent urbanization effects on increasing temperature, either for
actual air temperature or human perceived ones. Comparatively, the
increasing tendencies and fluctuation of HI, HMI, and NET were
much stronger than other temperature indicators, and that of ET and
DI were much weaker. The differences between urban and rural series
are also larger in HI, HMI, and NET.

Themagnitudes of the long-term trend of annual mean of multiple
HPTs and T from 1971 to 2020, as well as the effect and contribution
of urbanization on these trends, are depicted in Figure 4. In urban
areas, HI exhibits the largest increase of 0.499°C/10a, while ET receives
the smallest increase of 0.219°C/10a. In rural areas, HMI has the largest
increasing trend of 0.435°C/10a, and ET gets the smallest increase of
0.175°C/10a. Clearly, both urban and rural temperatures show

FIGURE 6
Temporal changes in urban (red) and rural (cyan) means frequencies of extremely hot HPT and T days in Guangdong from 1971 to 2020 and their
urbanization effects (black): (A) ATin_90p, (B) ATout_90p, (C)DI90p, (D) ET90p, (E)HI90p, (F)HMI90p, (G)MDI90p, (H) sWBGT90p, (I)NET90p, (J)WCT90p, and (K) T90p.
The red and cyan straight lines indicate the linear trends of urban and rural mean series, respectively, with the shading denoting their corresponding 95%
confidence intervals.
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growing trends, and the growth is even higher in urban than rural
areas. This difference characterizes the significant effects of local
urbanization, which exists in all temperature indicators.

By averaging the relative urbanization contributions for all HPT
indicates, it is estimated that regional urbanization contributed to 15.5%
of the total increases in HPT since the 1970s. It is also noted that various
HPT indicators receive different urbanization effects and relative
contributions. For example, urbanization effects contributed to 31.8%
of the total increase inWCT, while it contributed to only 4.9% of the rise
in sWBGT. Also, urbanization induced a relatively larger contribution
to the increases in NET by 24.5% (0.077°C/10a), which is higher than
that to air temperature (0.075°C/10a, 21.1%). The larger contributions to
WCT and NET are due to the fact that both indicators consider the
combined effects of wind velocity, which is often slowed down by the

increases in surface roughness caused by the presence of built-ups in
urban areas. In particular, the higher roughness of the sub-bedding
surface of the urban areas and the higher friction have a deceleration
effect on wind speed; and the higher density of buildings in urban areas
forms a natural baffle, which has a hindering and gridding effect on
wind speed (Xu et al., 2017; Li et al., 2019; Moon et al., 2020). Note that
wind speed can accelerate the airflow around the human body, speeding
up the heat exchange between the human body surface and the air to
play a cooling effect (Edwards et al., 2015; Roshan et al., 2020), so the
wind speed in urban areas is reduced due to the impact of urbanization,
which in turn leads to a higher local body temperature than the
surrounding areas. The urbanization contribution to other HPT
indicators without considering the effect of wind speed is generally
smaller than that on air temperature, which may be related to the urban

FIGURE 7
Long-term trends in urban (red) and rural (cyan) means of the annual frequency of extreme HPT and T days in Guangdong from 1971 to 2020 and their
urbanization effects (black): (A) ATin_90p, (B) ATout_90p, (C)DI90p, (D) ET90p, (E)HI90p, (F)HMI90p, (G)MDI90p, (H) sWBGT90p, (I)NET90p, (J)WCT90p, and (K) T90p.
The percentage number in black color indicates the corresponding relative urbanization contribution (UC).
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dry island (UDI) effect due to urbanization, which may reduce the
atmospheric humidity and thus offsetting the HPT increases to some
extent (Hao et al., 2018; Luo and Lau, 2019; Huang et al., 2022; Wang
et al., 2022).

Table 2 summarizes the mean urban trend (Tu), rural trend (Tr),
urbanization effect (UE), and urbanization contribution (UC) of the
HPT under different seasons by averaging all HPT indicators. In this
study, spring refers to March, April, and May, summer includes June,
July, and August, autumn comprises September, October, and
November, and winter includes December, January, and February.
The HPT trend in both urban and rural areas was significantly greater
than zero in all four seasons, indicating a significant increasing trend
in four seasons. In all four seasons, the increases in mean HPT in urban
areas were again greater than in rural areas. Seasonally, the increases in
mean HPT in both urban and rural areas in the fall and winter were
greater than in the spring and summer. The largest gains in both urban
(0.47°C/10a) and rural mean HPT (0.39°C/10a) were observed in
autumn, and the smallest increases were observed in spring,
i.e., 0.29°C/10a and 0.24°C/10a for urban and rural series,
respectively. Among different HPT indicators, the fastest increases in
mean HPT in both urban and rural were observed in HI and HMI in all
seasons, i.e., 0.62°C/10a and 0.63°C/10a for HI and HMI, respectively.

Urbanization has a significant effect onmeanHPT changes in all four
seasons, with the magnitudes of 0.04°C/10a, 0.04°C/10a, 0.08°C/10a, and
0.09°C/10a and the corresponding relative contributions of 14.3%, 13.5%,
15.8%, and 22.3%, for spring, summer, autumn, and winter, respectively.
It can be seen that the effects and contributions of urbanization onHPT in
autumn and winter were greater than those in spring and summer.
Among them, the impacts and contributions of urbanization on wind
speed-related HPT indicators (i.e., NET and WCT) are higher in the
spring and winter seasons than the air temperature T. The UE and UC
values for WCT in all seasons are higher than in T. In spring, summer,

and fall, sWBGT tends to receive the smallest relative contribution of
urbanization (i.e., 3.2%, 1.8%, 7.1%, respectively), compared with other
HPT indicators, whereas, in the winter season, MDI receives the smallest
urbanization effect and contribution.

3.2 Long-term changes in extreme HPT and
the effects of urbanization

Compared with mean HPT, extreme HPT poses even greater
threats to the human body (Wang et al., 2019; Wang et al., 2021b).
This subsection defines an extremely hot HPT day (HPT90p) when the
daily HPT value exceeds the 90% quantile of the reference period
(recall Section 2). Figure 5 shows the spatial distribution of the long-
term trend of the annual occurrence frequency of HPT90p in
Guangdong Province from 1971 to 2020. It is observed in Figure 5
that the annual frequency of extremely hot days in Guangdong
Province exhibited an increasing trend over the past 5 decades, and
such an increase appears in all temperature indicators (including both
HPT and T). Spatially, the growing frequency of HPT90p in the coastal
areas (especially in densely populated and highly urbanized regions
such as the Pearl River Delta and Chaozhou-Shantou) was higher than
in the northern regions of mountainous Guangdong. This regional
disparity indicates that urbanization may be one of the inducing
factors for increasing the occurrence of HPT90p. Figure 6 shows the
long-term changes in the average annual frequencies of HPT90p and
T90p in both urban and rural areas of Guangdong Province. Overall,
the average annual HPT90p and T90p in both rural and urban areas
showed a fluctuating but upward trend, and the increases in urban
areas (including both HPT90p and T90p) were greater than those in
rural areas, proving that the urbanization effect contributed to the
occurrence of both HPT90p and T90p.

TABLE 3 As Table 2 but for the frequencies of extreme HPT and T days. All trends are significant at the 0.05 level, as evaluated by the modified non-parametric Mann-
Kendall trend test.

Season ATin_90p ATout_90p DI90p ET90p HI90p HMI90p MDI90p sWBGT90p NET90p WCT90p T90p HTPmean_90p

Spring Tu 1 0.98 0.98 1.04 1.03 0.97 0.96 0.96 0.79 1.02 1.06 0.97

Tr 0.9 0.9 0.91 0.86 0.88 0.94 0.95 0.95 0.59 0.76 0.85 0.86

UE 0.11 0.08 0.07 0.18 0.15 0.02 0.01 0.01 0.21 0.26 0.2 0.11

UC 12.4 10.1 9 17.9 17.7 5.6 4.4 3.2 28.9 34.1 18.9 14.3

Summer Tu 2.11 1.68 2.11 2.16 2.02 1.98 2.03 1.96 1.42 2.18 2.14 1.97

Tr 1.82 1.53 1.85 1.66 1.82 1.96 1.93 1.99 1.06 1.64 1.61 1.73

UE 0.29 0.15 0.26 0.5 0.2 0.03 0.1 −0.04 0.36 0.55 0.52 0.24

UC 13.9 9 12.1 23.1 10.1 1.3 5 −1.8 25.5 25 24.5 12.3

Autumn Tu 1.74 1.44 1.64 2.03 1.84 1.48 1.51 1.43 1.04 1.98 2.1 1.61

Tr 1.48 1.28 1.46 1.55 1.53 1.41 1.42 1.39 0.76 1.36 1.56 1.36

UE 0.26 0.16 0.18 0.48 0.31 0.07 0.09 0.04 0.27 0.62 0.53 0.25

UC 15 11.3 11 23.6 16.7 4.4 6.3 2.6 26.3 31.3 25.4 14.9

Winter Tu 0.98 0.92 0.92 1.11 1.04 0.88 0.85 0.84 0.62 0.92 1.13 0.91

Tr 0.77 0.73 0.73 0.82 0.79 0.72 0.71 0.71 0.41 0.48 0.84 0.69

UE 0.22 0.19 0.19 0.29 0.25 0.16 0.14 0.14 0.21 0.45 0.29 0.22

UC 22.1 21 20.2 26.1 23.9 18.3 16.8 16.3 33.8 48.5 25.9 24.7
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Figure 7 shows the quantitative trends of the average frequency of
HPT90p and T90 in urban and rural areas of Guangdong. The frequency
trend of HPT90p in urban and rural areas exceeded 1.0 days/10a for all
HPT indicators except for NET. On average, the frequencies of HPT90p
were 1.37 days/10a in urban areas and 1.16 days/10a in rural areas. This
difference measures an urbanization effect of 0.21 days/10a, and the
relative contribution of urbanization was 15.1%. Among different
indicators in urban areas, the largest increase is seen in extreme ET
(1.59 days/10a), while the smallest increase is in extreme NET (0.97 days/
10a). In rural areas, the largest increases are observed in extremeHMI and
sWBGT (both at 1.26 days/10a), and the smallest increase is still in
extreme NET (0.7 days/10a). The largest urbanization contribution to the
change of HPT90p wasWCT (30.7%), while the smallest contribution was
in sWBGT (2.9%). Notably, the relative contribution of urbanization to
the HPT90p changes in both NET and WCT is higher than the relative
contribution made by the T90p changes.

Table 3 summarizes the quantitative long-term trends of
urbanization contribution to HPT90p in Guangdong in different
seasons. It is seen that the trends of the frequencies of HPT90p in
both urban and rural areas are greater than 0 in all four seasons,
indicating increasing risks of HPT90p throughout the calendar year. As
expected, the increases in HPT90p in urban areas are even stronger
than those in rural areas in all four seasons, demonstrating the
remarkable role of urbanization in intensifying HPT90p risks.
Seasonally, the increases in HPT90p in urban and rural areas are
greater in summer and autumn than in spring and winter. On average,
the summer season experienced the largest increase of HPT90p in
urban (1.97 days/10a) and rural areas (1.73 days/10a), and winter
witnessed the smallest increase, i.e., 0.91 days/10a and 0.69 days/
10 for urban and rural areas, respectively. Urbanization had posed
significant effects on increasing HPT90p in all four seasons, with the
exception of extreme sWBGT days in the summer season.

Regarding the relative contribution of urbanization, by averaging
all HPT90p indicators, the HPT90p frequency in the winter (24.7%)
and autumn (14.9%) and seasons receive a larger relative
urbanization contribution than spring (14.3%) and summer
(12.3%). Similarly, the contribution of urbanization to the
frequency of extreme events based on wind speed-related HTP
indicators (i.e., NET and WCT) is notably higher than that of
other HPT indicators with the consideration of wind. Among all
HPT indicators, the HPT90p based on sWBGT receives the smallest
contribution of urbanization in all four seasons.

4 Conclusion and discussion

Over the past half-century, China has experienced rapid
urbanization, which has brought about significant changes in urban
structure and land use (Fang, 2015). These changes have exerted
profound effects on local a regional climate change in terms of
increasing temperature and extreme heat events (Sun et al., 2014; Sun
et al., 2016). However, fewer studies have fully delved into the extent to
which urbanization affects human perceived temperature changes
(HPT), especially the comparison of multiple HPT indicators is not
yet clear. Hence, this study explored the long-term changes in mean and
extremeHPT based on ten different HPT indicators in South China from
1971 to 2020 by taking Guangdong Province as an example, and further
quantitatively assessed the impact of urbanization on long-term changes

in mean HPT and extreme HPT on the basis of a dynamic classification
of urban and rural weather stations.

The analysis results show that the mean HPT and extreme HPT
(i.e., HPT90p) in Guangdong have increased significantly, with higher
increases in more urbanized and populated regions such as the Pearl
River Delta and Chaozhou-Shantou region. The increasing trends in
annual mean HPT based on HI and HMI are ~0.5°C/10a, which is
much higher than the warming trend of air temperature (0.354°C/10a).
Seasonally, the average increase in HPT was higher in autumn and
winter than in spring and summer for both urban and rural areas. In
contrast, the increasing trend of HPT90p was greater in summer and
autumn than in spring and winter. Urbanization contributed
significantly to the long-term changes in both mean HPT and
HPT90p. On average, urbanization contributed to 15.5% of the
increase in annual mean HPT and 15.1% of the rise in the HPT90p

frequency. In addition, the relative contributions of urbanization to
both mean HPT and HPT90p were larger in fall and winter than in
spring and summer. Specifically, the urbanization contributions to
HPT and HPT90p exceeded 20% in winter.

We also noted that the contribution of urbanization to wind
speed-related HPT indicators (for both mean HPT and
HPT90p), such as NET and WCT exceeds the contribution to
air temperature. In contrast, the contribution to the other
indicators is smaller than that to air temperature. The possible
reasons are discussed as follows. Firstly, the UDI effect offsets the
role of increasing air temperature in increasing HPT, thus leading
to a lower contribution of urbanization to HPT than to air
temperature. Secondly, the high wind resistance caused by the
higher roughness of urban areas and the natural blocking effect of
tall urban buildings lead to a significant decrease in wind speed in
urban areas compared to the surrounding areas, which
consequently leads to a rise in heat sensation in urban areas,
thus leading to a stronger urbanization contribution to wind
speed relative HPT indicators.

Our examinations of the spatio-temporal changes in multiple HPT
indicators and their extremes, and the urbanization effects on
these changes are based on the observations recorded at
86 weather stations across Guangdong. We also discussed
possible reasons for these changes. It should be acknowledged
that further investigations based on regional climate model
simulations are also of interest and significance. Such
examinations help reveal the underlying mechanism of
urbanization effects on various meteorological parameters, and
warrant further investigations in the future.
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