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Abstract: The urbanization process leads to the enhancement of the urban heat island (UHI) effect,
and the high temperature brought by it exacerbates the risk of heat exposure and seriously endangers
human health. Analyzing the spatiotemporal characteristics and levels of heat exposure risk is
important for formulating heat risk prevention and control measures. Therefore, this study analyzes
the spatiotemporal characteristics of heat exposure risk based on the UHI footprint (FP) and explores
the relationship between it and urbanization factors in the Beijing–Tianjin–Hebei (BTH) region from
2000 to 2020, and obtains the following conclusions: (1) The BTH region suffers from severe UHI
problems, with FP ranging from 6.05 km (Chengde) to 32.51 km (Beijing), and the majority of cities
show significant trends of FP increase. (2) With the increase in FP, massive populations are exposed
within the heat risk areas, with the average annual population at risk across cities ranging from
269,826 (Chengde) to 166,020,390 (Beijing), with a predominance of people exposed to high risk
(more than 65% of the total) and generally showing increasing trends. (3) The population at risk of
heat exposure is significantly correlated with urbanization factors, indicating that urbanization is an
important reason for the increase in the risk population and the enhancement of the risk level. These
results suggest that with the continuous urbanization process, the heat exposure risk problem faced
by cities in the BTH region will persist and gradually worsen, which must be paid attention to and
effective mitigation measures must be taken.

Keywords: heat island footprint; heat exposure risk; single exponential decay model; urbanization;
Beijing–Tianjin–Hebei

1. Introduction

According to the World Cities Report 2020 published by UN-Habitat, the proportion
of the global urban population will exceed 60% by 2030, and land for urban construction is
expanding at twice the rate of population growth, which has a great impact on the surface
landscape and local climate [1–4]. In the process of urbanization, the natural surface is
gradually converted to an artificial surface, which causes a decrease in latent heat flux and
an increase in sensible heat flux in urban areas, making the temperature in urban areas
significantly higher than that in the surrounding countryside, resulting in the urban heat
island (UHI) effect [5]. The UHI effect not only adversely affects urban ecological safety and
sustainable development, such as increasing energy consumption and deteriorating atmo-
spheric environment [6–8], it also harms the health of urban residents, such as increasing
the morbidity and mortality of urban residents from heat stress diseases [9–11], which is
expected to increase the number of heat-related deaths by more than 90,000 worldwide by
2030 [12]. The relatively hot environment caused by the UHI effect can also affect normal ur-
ban production activities and increase the occupational risk of the associated heat-exposed
population [13]. Currently, more than 1 billion workers remain exposed to hot weather and
are susceptible to heat stress risk stimulation that can have a cumulative negative impact
on their productive activities [14–16]. Therefore, it is necessary to accurately analyze and
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grasp the characteristic patterns of the UHI effect and the potential heat exposure risk of
its associated population, which will provide a scientific basis for scientific regulation and
mitigation of urban thermal environmental risks.

Urban heat exposure risk assessment, often defined as the degree of overlap between
urban population and urban heat risk or the size of the urban population affected by heat
risk, can effectively integrate urban environmental issues with socio-demographic charac-
teristics, and is of great practical importance to fully understand, effectively respond to,
and actively prevent the hazards posed by the UHI effect [17,18]. The risk of heat exposure
depends greatly on the impact extent of the UHI effect and the spatial distribution character-
istics of the urban population, and therefore quantifying the spatial pattern characteristics
of the UHI effect is the basis and prerequisite for assessing the risk of heat exposure [19]. In
previous heat exposure risk studies, scholars usually conducted risk assessments based on
existing geographic units (e.g., administrative divisions or urban built-up area boundaries)
as the spatially constrained boundaries of the UHI effect [20,21]. However, due to the
complex heat exchange between urban and rural areas, the UHI effect has obvious “spatial
spillover” characteristics, and its actual impact extent often exceeds the boundary of urban
built-up areas, and is not consistent with its administrative boundaries [22]. Therefore,
existing assessment methods based on geographic units do not adequately and truly reflect
the real characteristics of the heat exposure risk of a specific city. For this purpose, the
urban heat island footprint (FP) is introduced in this study as a spatially constrained extent
for assessing heat exposure risk. FP is an assessment index to characterize the impact extent
of UHI extracted based on the real urban-rural land surface temperature gradient character-
istics [23]. With the development of related research, various FP calculation models such as
the Gaussian model and nonlinear decay model have been proposed one after another, and
have been widely used in the research of spatial characteristics representation of the UHI
effect [24–26]. Therefore, the FP-based research method is able to fully grasp the impact
range of the UHI effect in a specific city and effectively enhance the comprehensiveness and
accuracy of heat exposure risk assessment, providing scientific support for urban thermal
environment management and regulation.

In this study, 13 cities in the Beijing–Tianjin–Hebei region are selected as typical cases
for heat exposure risk research, and MODIS land surface temperature data, World POP
population data, and socio-economic panel data are used to grasp the characteristics of
surface thermal environment, population distribution, and urbanization development
status in the study area respectively. Based on this, the specific objectives of this study
are as follows: (1) to construct a single exponential decay model to try to extract the FP
characteristics of each city in the study area; (2) to assess the status of heat exposure risk
for each city under the influence of UHI; and (3) to grasp the association characteristics
between urban heat exposure risk and urbanization factors.

2. Materials and Methods
2.1. Studied Region

The Beijing–Tianjin–Hebei (BTH) region is located in North China (113◦27′ E ~ 119◦19′

E, 36◦05′ N~42◦40′ N), with an area of about 218,000 km2 and a warm temperate continental
monsoon climate. The BTH urban agglomeration, one of the three major urban agglomera-
tions in China, is located in this region and contains two municipalities, Beijing and Tianjin,
as well as 11 prefecture-level cities under the jurisdiction of Hebei Province (Figure 1).
Since the Reform and Opening Up, the region has experienced rapid socio-economic
development and has become one of the most dynamic regions for urban development
in China, with the population urbanization rate rising from 58.5% in 2000 to 77.42% in
2020, urban construction land increasing from 1988 km2 to 3379 km2, an increase of about
1.7 times, and the Gross Domestic Product (GDP) also increasing from 947.23 billion in
2000 to 8639.32 billion in 2020, an increase of about 9.1 times [27]. However, the highly
concentrated population and rapidly expanding cities have also profoundly changed the
local surface thermal environment. Previous studies have shown that the UHI intensity
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in the BTH region is increasing significantly at a rate of 0.10 ◦C/year, and the spatial
extent is rapidly increasing, expanding and connecting, gradually forming a large UHI
agglomeration area [28]. The continuous deterioration of the urban thermal environment
has negatively affected the habitat and the health of residents in the region, thus triggering
widespread concern among urban managers and related scholars [29].

Figure 1. Elevation, location, and distribution of cities in the Beijing–Tianjin–Hebei (BTH) region.

2.2. Data sources
2.2.1. Land Surface Temperature Data

In this study, we use the 8-day synthetic daytime land surface temperature (LST)
product (MOD11A2, https://ladsweb.modaps.eosdis.nasa.gov/, accessed on 20 September
2021) acquired by the Moderate-Resolution Imaging Spectroradiometer (MODIS) during
the summer (June–August) from 2000 to 2020. The product has a spatial resolution of 1 km
and is obtained based on surface thermal radiation estimated by a split-window algorithm,
with an accuracy better than 1 K which can effectively reflect the LST conditions in cities
and their surrounding areas [30]. The MODIS Reprojection Tool is used to pre-process the
LST data, including projection, mosaic, and cropping, and the initial 8-day synthetic data
are averaged to the summer LST data using the ArcGIS cell statistics function.

2.2.2. Population Data

The population data used in this study are obtained from the raster data on the
distribution of the world’s population (2000–2020) provided by the WorldPop project
(http://www.worldpop.org.uk/, accessed on 7 October 2021), with a spatial resolution
of 1 km. The data combines data from multiple sources such as census databases, land
cover data, night-time light intensity and habitat, and is spatially processed through a

https://ladsweb.modaps.eosdis.nasa.gov/
http://www.worldpop.org.uk/
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random forest model to estimate the precise population size of the area. Due to the high
accuracy and spatial resolution of the data, it is widely used in population-based surveys
and research [31,32].

2.2.3. Other Data

Other data used in this paper include land cover data, digital elevation model (DEM)
data and GDP data for each city, which are used for the extraction of urban built-up areas,
and the removal of abnormal pixels and the measurement of urbanization level, respectively.
Land cover data are derived from annual landcover data provided by the European Space
Agency (https://www.esa-landcover-cci.org/, accessed on 15 October 2021) with a spatial
resolution of 300 m; DEM is from SRTM terrain product with a spatial resolution of 30 m.
GDP data are derived from China City Statistical Yearbooks of various cities [33].

2.3. Methodology
2.3.1. Heat Island Footprint Modelling Extraction

The prerequisite for FP extraction lies in quantifying the gradient variation character-
istics of urban-rural LST. When the UHI effect is significant, the temperature (T) decreases
gradually from the urban center to the peripheral rural areas, so the establishment of
multiple buffers from the urban center outwards is an effective method to quantify the T
gradient difference (∆T) between urban and rural areas [23]. (1) Define the urban center.
Based on the land cover data, the 1×1 km moving window method is used to identify and
extract the kilometer grid of each city with a proportion of built-up land greater than 50%,
and further extract the built-up area range of each city through cluster analysis, and extract
the center of gravity as the urban center [34]; (2) Establish multiple buffers. Based on the
extracted urban centers, the improved equal-area method is adopted to construct 30 buffers,
and the area of each buffer is consistent with the area of the built-up area of the city [35].
Please note that the study excludes the pixels of the water body as well as ±50 m gaps in
the average elevation of the urban area due to the anomalous effects of water bodies and
excessive elevation on LST (Figure 2a) [36,37].

To quantify ∆T, a reference rural T is first defined. We use the average T of the
outermost three buffers as reference rural T and calculate ∆T separately for the urban area
and adjacent buffers in each city (Equation (1)), which can help to avoid potential outlier
bias caused by the use of a single buffer [38].

∆T = Tb − Tre f (1)

Tb and Tref represent the LST in each buffer and rural reference area respectively.
Buffers with ∆T greater than 0 ◦C are considered to have the UHI effect, and a single
exponential decay model is subsequently built to examine urban-rural ∆T trends in each
city (Equation (2)) and to extract UHI influence extent thresholds.

∆T = y0 + A1 exp (−x/t1) (2)

where y0 is the offset, A1 is the maximum difference of T, x is the distance from the city
center and t1 is the decay rate. In this study, the slope of the fitted curve (S) equaling−0.1 is
selected as the threshold value to segment the ∆T change curve, and the buffer area within
the threshold value is used as FP (Figure 2b).

https://www.esa-landcover-cci.org/
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Figure 2. The schematic diagram of urban heat exposure risk analysis based on the footprint (FP)
(taking Beijing in 2000 as an example). (a) Extraction of urban center and construction of buffer
zones (LST represents land surface temperature); (b) examination of LST difference (∆T) trend and
extraction of FP based on Single Exponential Decay model (S represents the slope of the fitted curve);
(c) classification of heat exposure risk based on ∆T; (d) identification of at-risk populations based on
overlay analysis of risk areas and population distribution.

2.3.2. Heat Exposure Risk Assessment

Firstly, the mean standard deviation classification method is applied to classify the
buffers within the FP of each city in the study area from 2000 to 2020 and to identify
different urban heat risk class areas as a basis for measuring heat exposure risk (Table 1,
Figure 2c) [39]. Subsequently, the spatial overlay analysis of the heat exposure risk class
areas and the population data of the corresponding years is carried out to obtain the
population characteristics of the multiple levels of heat exposure risk areas in each city of
the study area (Figure 2d).

Table 1. Heat exposure risk classification criteria.

Risk level Level Description Range of Values 1

L1 low heat exposure risk 0 < ∆T < µ − 1/2σ
L2 Medium-low heat exposure risk µ − 1/2σ < ∆T < µ + 1/2σ
L3 Medium heat exposure risk µ + 1/2σ < ∆T < µ + 3/2σ
L4 Medium-high heat exposure risk µ + 3/2σ < ∆T < µ + 5/2σ
L5 High heat exposure risk µ + 5/2σ < ∆T

1 µ is the average value of each buffer ∆T and σ is the standard deviation.
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2.3.3. Analysis of the Association between Heat Exposure Risk and the
Urbanization Process

According to previous studies, population density (PD), GDP and built-up area (BUA)
can be used as key indicators for measuring the degree of urbanization, characterizing
the process of population urbanization, economic urbanization and land urbanization
respectively [40,41]. Therefore, these three urbanization factors are chosen in this study to
explore the relationship between the urbanization process and the urban heat exposure risk.
Curve fitting analyses are conducted with the population at risk of heat exposure as the
dependent variable and the urbanization factors as the independent variables. The optimal
characteristic relationship curve is then selected to represent the relationship between
urbanization factors and urban heat exposure risk based on the coefficient of determination
(R2) and significance test (p < 0.05).

3. Results
3.1. Heat Island Footprint Characteristics of Cities in the Beijing–Tianjin–Hebei Region

According to the ANOVA analysis of the FP characteristics in the cities during the pe-
riod 2000–2020 (Figure 3), Beijing presents the largest FP with an annual mean of 32.51 km;
followed by Tianjin, Tangshan and Shijiazhuang, with their respective means of 17.84,
17.53 and 17.38 km; followed by Qinhuangdao, Handan and Baoding, with their respective
means of 13.65, 13.31 and 13.26 km. The remaining cities, with relatively small FP, are Lang-
fang (9.82 km), Hengshui (9.42 km), Xingtai (9.03 km), Zhangjiakou (8.81 km), Cangzhou
(7.99 km) and Chengde (6.05 km).

Figure 3. Differences in FP among cities in the BTH region from 2000 to 2020 (based on ANOVA
analysis). BD: Baoding, BJ: Beijing, CZ: Cangzhou, CD: Chengde, HD: Handan, HS: Hengshui,
LF: Langfang, QHD: Qinhuangdao, TS: Tangshan, SJZ: Shijiazhuang, TJ: Tianjin, XT: Xingtai, and
ZJK: Zhangjiakou.

In addition, most cities in the BTH region show significant increasing trends in FP be-
tween 2000 and 2020 (p < 0.01), as shown in Figure 4. Among the 13 cities in the BTH region,
10 cities show linear increasing trends of FP, and eight cities show significant increasing
trends (p < 0.01), with the fastest increase in FP being in Tangshan, with an annual average
growth of 0.56 km, followed by Xingtai, Zhangjiakou, Beijing, Langfang, Shijiazhuang and
Cangzhou, with an average annual growth rate of more than 0.20 km/year. In contrast,
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relatively few cities show decreasing trends of FP, being only three cities, Qinhuangdao,
Tianjin and Handan, but none of their trends is significant.

Figure 4. Trends in FP of cities in the BTH region, 2000–2020 (based on linear regression analysis).
Values represent the rate of FP change (km/year).

3.2. Heat Exposure Risk Characteristics of Cities in the Beijing–Tianjin–Hebei Region

The results shown in Figure 5 indicate that the average annual population exposed
to heat risk across the BTH region amounts to 32,965,265 people. Beijing has the greatest
exposed population, with an annual average of 16,620,390 people; in cities with relatively
high FP, such as Tianjin, Shijiazhuang and Tangshan, the annual average exposed pop-
ulations are 5,734,637, 3,516,965 and 1,950,866 people, respectively; in Baoding, Handan
and Qinhuangdao, the annual average exposed populations are 1,439,755, 1,406,141 and
876,725 people; the cities with only relatively small FP sizes, such as Cangzhou, Chengde,
Hengshui, Langfang, Xingtai and Zhangjiakou, also have relatively small exposed popula-
tions of 567,910, 269,826, 440,763, 576,778, 836,982 and 643,950 people, respectively.

Figure 5. Statistical characteristics of the heat-exposed population in each city in the BTH region. The
error bar represents the standard deviation of the exposed population in each city from 2000 to 2020.
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The results of the linear analysis (Figure 6) show that, similar to the FP characteristics,
there is a significant upward overall trend (p < 0.01) in the exposed population across the
BTH region. From 2000 to 2020, the total urban exposed population in the region increases
from 24,350,510 to 41,138,167 people, with an average annual increase in 835,968 people
based on linear regression. Except for Handan (−462, in people/year, the same below), all
cities show increasing trends in the exposed population, with 11 cities showing significant
increases (p < 0.01). Among them, Beijing shows the highest growth rate of exposed
population (645,878), followed by Tianjin (87,965), Tangshan (68,041), Shijiazhuang (51,006),
Xingtai (20,012), Baoding (19,745), Langfang (16,807), Cangzhou (13,753), Zhangjiakou
(9395), Qinhuangdao (8370), Chengde (5029) and Hengshui (4539).

Figure 6. Trends of exposed population characteristics by city in the BTH region, 2000–2020 (based
on linear regression analysis). S represents the slope, with S > 0 showing an increasing trend and
S < 0 showing a decreasing trend; ** p < 0.01.

Notably, Figure 7 shows that the heat-exposed population in the study area is gener-
ally dominated by high-risk exposure, accounting for more than 65% of the total exposed
population. Among the individual cities, Qinhuangdao has the highest proportion of the
high-risk exposed population with an average of 70.47%, followed by Beijing (68.69%),
Shijiazhuang (56.85%), Baoding (55.26%), Hengshui (50.90%), Tangshan (49.70%), Handan
(47.74%), Tianjin (34.32%), Langfang (31.27%), Xingtai (28.89%) and Cangzhou (24.12%).
In comparison, the proportion of the low-risk exposed population is highest in Chengde
(25.67%), while the proportion of the medium-risk population is highest in Zhangjiakou
(25.40%). In addition, the high-risk population in the BTH region shows an overall increas-
ing trend during the study period, and fewer cities show decreasing trends, only Chengde
and Zhangjiakou.
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Figure 7. Statistical characteristics and trends of the heat-exposed population by level in cities of the
BTH region (based on linear regression analysis). The error bar represents the standard deviation
of the exposed population in each city. +/− represents the increasing/decreasing trend of the heat
exposure risk population.

3.3. Characteristics of the Association between Heat Exposure Risk and Urbanization Elements

Figure 8 shows the fitted curves of the relationship between the heat exposure risk
population and urbanization factors (BUA, PD, GDP) in the BTH region, and it can be seen
that these curves all have high goodness of fit (R2 > 0.60), indicating that the urbanization
factors all have strong explanatory power for the inter-city differences of heat exposure
risk. With the increase in the level of urbanization, the heat-exposed population show
significant non-linear (power function) growth trends (p < 0.01). In contrast, PD had the best
explanation for the variation of the heat-exposed population in the BTH region (R2 = 0.97)
and its power index (6.89) is higher compared to the other two urbanization indicators,
i.e., heat exposure risk will continue and accelerate with population clustering, which is
particularly evident in cities with population densities above 1000 people/km2. In addition,
the study finds a positive correlation between the population at risk and urbanization
factors in all 12 cities in the study area except Handan, and 11 of them have significant
relationships, further clarifying the general situation that the urbanization process increases
the risk of heat exposure (Table 2).
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Figure 8. Best-fit curves between heat-exposed population and urbanization factors for cities in the
BTH region. BUA: built-up area, PD: population density, GDP: gross domestic product.

Table 2. Correlation coefficients between urban heat-exposed population and urbanization factors in
Beijing–Tianjin–Hebei region, 2000–2020.

BUA PD GDP

BD 0.82 ** 0.89 ** 0.88 **
BJ 0.95 ** 0.98 ** 0.97 **
CZ 0.76 ** 0.82 ** 0.82 **
CD 0.95 ** 0.59 ** 0.51 **
HD −0.22 −0.01 −0.01
HS 0.85 ** 0.81 ** 0.73 **
LF 0.91 ** 0.87 ** 0.82 **

QHD 0.38 0.17 0.37
SJZ 0.82 ** 0.92 ** 0.92 **
TS 0.89 ** 0.91 ** 0.88 **
TJ 0.56 ** 0.67 ** 0.83 **
XT 0.76 ** 0.74 ** 0.71 **
ZJK 0.83 ** 0.83 ** 0.76 **

** p < 0.01. BUA: built-up area, PD: population density, GDP: gross domestic product.

The study also analyzes the association between the population within each heat
exposure risk class and the urbanization process, and the results show significant power
functions between the exposed population and urbanization factors in most of the risk
levels (Figure 9). The power values of the association between the high-risk population
and urbanization factors are all higher than those of the other risk levels, suggesting that
as the region continues to urbanize, the population exposed to the high-risk areas grows
significantly faster than the other risk levels.
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Figure 9. Best-fit curve of the relationship between heat exposure risk population by level and
urbanization factors at all levels for cities in the BTH region from 2000 to 2020.

4. Discussion
4.1. Increased Risk of Heat Exposure in the BTH Region

This study systematically analyzes the heat exposure risk and its temporal trends in
13 cities in the BTH region based on FP. First, our study indicates the widespread presence
of FP across cities in the BTH region (Figure 3), which is consistent with numerous previous
studies [42,43]. During the study period, the average FP in each city ranges from 6.06 km
(Chengde) to 32.51 km (Beijing). In addition, FP shows increasing trends in 10 cities
except for Handan, Tianjin and Qinhuangdao (Figure 4), i.e., the extent of the influence
of the UHI effect expanded during the study period, which would significantly enhance
the risk of heat stress for massive populations in and around urban built-up areas. By
overlaying the population raster data, it is found that there are large heat exposure risk
population in the region, which is also consistent with the results of previous studies on
heat exposure risk in the BTH region [44,45]. The average heat-exposed population in
the region reaches 32,965,264 during the study period, which exceeds 33.25% of the total
regional population and is higher than the proportion of the population in the urban built-
up area (29.36%) (Figure 10), which confirms the spillover effect of the UHI effect and its
impact on the population outside the urban built-up area [23,24]. In addition, the average
exposed population varies from 269,826 (Chengde) to 16,620,390 (Beijing) across cities
(Figure 5), with significant variations that could be attributed to the different urbanization
levels of cities in the region (introduced in Section 4.2). Notably, the level of risk faced by
the at-risk population in the region’s cities is uneven. The majority of the population is
exposed to high risk (Figure 7), which is higher than 65% in the region as a whole, and
this would significantly increase the incidence of heat illnesses such as heat cramps, heat
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exhaustion, heatstroke, with serious negative effects on the health of a large number of
residents [9–11]. For this reason, it is necessary to take effective measures to reduce the
extent of the UHI effects and their magnitude (∆T) to mitigate its impact on human health
and the human habitat.

Figure 10. The proportion of heat exposure risk population to total population compared to the
proportion of built-up area population to total population in the BTH region. The error bars represent
the standard deviation of the at-risk population and the population within the built-up area from
2000 to 2020.

Unfortunately, we find general and significant increasing trends of heat exposure risk
in the BTH region from 2000 to 2020 based on the results of the linear fit (Figure 6). Among
the cities in the region, the heat exposure risk population shows increasing trends in all
12 cities except Handan, and 11 of them show significant increasing trends. In addition,
the level of risk faced by each city is also increasing, especially the high risk, which shows
increasing trends in all 11 cities except Chengde and Zhangjiakou. These results imply that
in the coming decades, more urban residents will be exposed to high-heat environments
and will face further increased heat exposure risk.

4.2. Relationship between Heat Exposure Risk and Urbanization in the BTH Region

This study investigates the pairwise relationship between urbanization factors and heat
exposure risk in the BTH region based on curve fitting and correlation analysis. The results
show that cities with higher urbanization levels, such as Beijing, Tianjin, Shijiazhuang
and Tangshan, tend to have populations at greater risk during the same period, and the
level of heat exposure risk increases in most cities with increasing urbanization level,
i.e., there is a significant positive correlation between urbanization level and urban heat
exposure risk, which is consistent with related studies [44,46,47]. In the process of land
urbanization, the rapid expansion of urban built-up areas has resulted in huge changes in
land cover, and the natural ground surface is gradually replaced by artificial impervious
surfaces, which in turn leads to a weakening of the cooling effect of vegetation, a decrease
in surface albedo, a decrease in latent heat flux, and an increase in sensible heat flux,
resulting in more residents being exposed to high temperatures and increasing the risk of
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heat exposure [48–51]. In addition, we find an interesting phenomenon whereby, unlike
PD and GDP, the trend of heat exposure risk growth gradually slows down with BUA
expansion in the cities of the BTH region (Figure 8), which may be caused by the presence
of lower impervious surface density and good landscape planning in the new urban areas,
which can effectively regulate the LST and reduce the high thermal risk [52–54]. In terms
of population urbanization, cities with high population densities may experience high
levels of heat stress, as reported in previous studies, which often results from increased
anthropogenic heat emissions due to high population concentrations [55,56]. In this study,
it is found that urban heat exposure risk shows an accelerating trend with the elevation
of PD. This may be due to a series of effects brought about by high population density,
such as high-intensity energy consumption, high concentration of atmospheric pollution,
etc., which play an enhancing role in the UHI effect, and this enhancing effect is not
unidirectional, but one of circular feedback [26,42,57]. Moreover, there is a significant
positive relationship between economic urbanization and the risk of heat exposure in the
region. This is mainly due to both industrial clustering and industrial structures [58,59].
First, the rapid economic development in the BTH region, especially in cities such as Beijing
and Tianjin, has led to the expansion and clustering of their industries, which have positive
effects on amplifying heat stress in urban areas [60]. Furthermore, industrial structures also
have an impact on the regional thermal environment. Previous studies have pointed out
the enhancing effect of secondary industry on the UHI effect [58,60]. In the BTH region,
there is the largest comprehensive industrial and manufacturing base in northern China,
and cities like Tangshan and Shijiazhuang are typical industrial cities with a large number
of traditional industries. While driving rapid economic development, these industries emit
a large amount of greenhouse gases and industrial heat into the environment, resulting in
the deterioration of the urban thermal environment and a high level of heat exposure risk.
In contrast, the correlation between economic urbanization and thermal exposure risk is
lower in cities such as Chengde and Qinhuangdao, probably since their leading industries
include tourism, which has a weaker interaction with the thermal environment [61].

In addition, the study finds a high percentage of the population to be at high risk in
the region, which is largely due to the specificity of urbanization. This specificity is mainly
reflected in the fact that the closer one is to the core area, rather than the peri-urban area,
the higher the intensity of human activity, economic activity and construction, and the
resulting intensive anthropogenic heat emissions will lead to higher temperatures in the
core area than in the peri-urban area [26]. Areas of population concentration overlap with
areas at risk of heat exposure, exposing more people to high heat risk in urban centers.

4.3. Implications and Limitations

This study provides a comprehensive assessment of the heat exposure risk in the
BTH region based on the FP extracted from a single exponential decay model, and the
results show that there is a large heat-exposed population in the cities within the region,
which is generally higher than the population in built-up urban areas. This implies that the
previous assessment method using urban built-up areas as the boundary is not sufficient
for comprehensively assessing the heat exposure risk in the region. In addition, correlation
analysis and optimal curve fitting confirm the driving effect of urbanization factors on heat
exposure risk, especially high heat exposure risk, which provides a basis for appropriate
measures to mitigate the negative effects on the population.

However, we also recognize some limitations of the present study. Firstly, it does
not consider the differences in people themselves. Previous studies have shown that
groups such as the disabled, the elderly, the less educated, and the poor have higher
heat vulnerability and tend to have a higher risk of heat stress [62,63]. However, these
data, especially those with high spatial resolution, are difficult to obtain. Secondly, the
study only selected three representative urbanization indicators for pairwise analysis with
heat exposure risk, which are relatively few and do not consider the combined effect of
multiple factors, which may lead to an incomplete understanding of urban heat exposure
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risk mechanisms. Finally, in addition to the heat stress risk, the interior of FP is often
accompanied by other risks, such as high pollution risk. The atmosphere inside FP is
heated to achieve upward movement, forming a low-pressure center, and the near-surface
air in the surrounding areas converges to the interior of FP, which causes the sulfur oxides,
nitrogen oxides, carbon oxides, and hydrocarbons generated from production and living
activities in the region collect in the interior of FP, endangering human health. There is a
need for further risk assessment based on FP [64]. In conclusion, the above uncertainties
need to be considered and overcome in future studies.

5. Conclusions

This study extracts FP for 13 cities in the BTH region from 2000 to 2020 based on a single
exponential decay model as a basis for identifying the spatial and temporal characteristics
of heat exposure risk in the region and exploring their relationships with urbanization
factors. The main findings are as follows:

(1) All cities in the BTH region are facing serious UHI problems, with the aver-
age FP of each city being in the order Beijing (32.51 km), Tianjin (17.84 km), Tangshan
(17.53 km), Shijiazhuang (17.38 km), Qinhuangdao (13.65 km), Handan (13.31 km), Baod-
ing (13.26 km), Langfang (9.82 km), Hengshui (9.42 km), Xingtai (9.03 km), Zhangjiakou
(8.81 km), Cangzhou (7.99 km) and Chengde (6.05 km), all of which exceed the built-up area
of the city. In addition, FPs show increasing trends in all cities except Tianjin, Qinhuangdao
and Handan, with average annual growth rates ranging from 0.12 km/year (Chengde) to
0.56 km/year (Tangshan).

(2) The risks of heat exposure in the cities of the BTH region are prominent, with
the average annual exposed population in the region reaching 32,965,265 people, with
the cities in the following order: Beijing (16,620,390, in people, the same below), Tianjin
(5,734,637), Shijiazhuang (3,516,965), Tangshan (1,950,866), Baoding (1,439,755), Handan
(1,406,141), Qinhuangdao (876,725), Xingtai (836,982), Zhangjiakou (643,950), Langfang
(576,778), Cangzhou (567,910), Hengshui (440,763) and Chengde (269,826), and are dom-
inated by exposure to high-risk areas (more than 65% of the total). Meanwhile, all cities
show increasing trends in the heat-exposed population at risk, except Handan, with av-
erage annual growth rates ranging from 4539 people/year (Hengshui) to 6,458,878 peo-
ple/year (Beijing).

(3) There is a significant non-linear positive relationship between the urbanization
process and the risk of heat exposure in the study area, indicating that as the economic
development of cities, the increase in population density and the expansion of built-up
areas increase, the size of the heat exposure risk in cities and the level of risk increase to
varying degrees.

In general, as urbanization continues, heat exposure risks to urban populations in
the BTH region will continue to be a problem, with serious negative impacts on the living
environment and human health. Therefore, city managers and planners must pay more
attention to the mitigation and management of urban heat exposure risks, and take more
reasonable and effective measures to prevent further deterioration of urban heat risks.
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