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Abstract Against the backdrop of climate change, heat waves have become increasingly detrimental to cities. Urban morphology, a comprehensive
reflection of material and non-material elements in the physical world, is closely related to environmental quality, thermal environment, population
health, and other elements. From the perspective of urban morphological regions, this paper examines the characteristics of heat exposure, sensitivity,
adaptability, and vulnerability of the main urban areas and its surrounding areas in Beijing, in combination with land surface temperature, air temper-
ature, population characteristics, vegetation distribution, and other indicators. The results indicate that the built-up areas of Beijing are dominated by
compact classes, making them most vulnerable to heat waves due to the unfavorable thermal environment, high population density, a large proportion
of young and old people, and sparse vegetation cover. In contrast, the open low-rise class shows the highest adaptive capacity due to better economic
condition of the population and high vegetation cover. This paper provides mitigation strategies from angles of morphology optimization and policy

guidance, and suggests that the assessment and analysis of heat vulnerability based on urban morphology can provide a reference for climate change-

oriented planning and design, and promote urban high-quality development and sustainable construction.
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1. Introduction

In recent years, the effects of global warming have become increas-
ingly evident, with a rise in the frequency and intensity of disasters,
such as extreme heat waves in summer, heavy rainstorms, and ty-
phoons (Corburn, 2009; Vardoulakis et al., 2015). Among them, heat
waves are becoming particularly concerning due to their long dura-
tion and wide range of influences on urban development and health
of the population (Robine et al., 2008; Gasparrini et al., 2012; Eliza-
beth, 2020). For example, in order to withstand hot weather, people
tend to increase their energy consumption, especially electricity (Shen
et al., 2016), which in turn leads to higher levels of carbon emissions
in cities. Furthermore, heat waves significantly reduce people’s
willingness to go outdoors (Huang et al., 2016), thus decreasing their
outdoor activities, such as exercise, walking, and recreation, which
increases the risks of cardiovascular, obesity, and other diseases (Dye,
2008). More seriously, prolonged exposure to extreme heat waves
significantly increases the risk of death in the population (Gaspar-
rini et al., 2012; Fouillet et al., 2006). A study by Zhao et al. (2021)
revealed that more than 480,000 deaths per year during 2000 — 2019
globally were attributed to heat waves. Therefore, how to reduce
the risk of heat waves and increase the resistance capacity of cities,
which has become one of the urgent issues that cities need to cope
with climate change.

By now, many scholars have conducted researches on the causes,
impacts, and mitigation strategies of heat waves in cities. Among
them, heat vulnerability has gradually gained more attention be-
cause it involves multiple dimensions such as environmental quality,
population characteristics, and socio-economic status, and can re-
flect the capacity of a city to withstand and cope with the risk of heat
waves in a more comprehensive way (Mallen et al., 2019; Cai et al.,
2019). Referring to the definition of vulnerability by Intergovern-
mental Panel on Climate Change (IPCC), heat vulnerability refers to
the degree to which urban residents are susceptible to, or incapable
of coping with the negative impacts of heat wave hazards, including
sensitivity and adaptability to heat hazards (Portner et al., 2022). In
general, heat vulnerability includes three dimensions, i.e., exposure,
sensitivity, and adaptability, involving different aspects of indicators
(see Table 1). Among them, exposure is mainly used to measure the
degree to which cities or populations are exposed to heat waves, the
higher the temperature, the greater the exposure (De Carolis, 2012);
sensitivity is used to measure the ability of populations to withstand
high-temperature heat waves, e.g., the elderly exhibit high sensitiv-
ity to heat waves due to their poorer physiological conditions (Wolf
and McGregor, 2013); and adaptability is used to assess the popula-
tion’s response to heat waves and their ability to recover from them, e.g.,
the better the economic condition, the higher the adaptability to heat
waves (Manik and Syaukat, 2015).
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Table 1 Particular indicators concerning exposure, sensitivity, and adaptability in different studies

References Exposure

Sensitivity Adaptive capacity

Wolf and McGregor, 2013

Inostroza, 2016 Land surface temperature

Van der Hoeven and Wandl, 2014
vegetation index (NDVI), sky view factor, etc.
Manik and Syaukat, 2015

De Carolis, 2012

Urban heat island, population, air conditioning, etc.

Land surface temperature, imperviousness, Albedo,

Community knowledge of climate change, climate variability

Elderly, economic status, education, etc. Access to resources, mobility,
demographics, health status,

etc.

Education, unemployment, elderly Medical services, NDVI, etc.

population, etc.

Population, age, electricity N/A
consumption, etc.

Health related to air temperature,
energy consumption

Education, income, etc.

Temperature, public equipment (e.g., shelters, medical clinics) Age, education, income, etc. N/A

Despite the multiple dimensions of heat vulnerability assessment
and the complexity of the indicator system, related research has
faced issues concerning indicator selection, weighting, and synthe-
sis. Regarding indicator system, Table 1 illustrates disparities in the
indicators chosen due to different interpretations of heat vulner-
ability. As for indicator weighting, there are various methods, such
as layer stacking, principal component analysis, and multi-criteria
decision-making (Xie et al., 2015). Lastly, there is also a wide range
of methods for indicator synthesis. At present, the mainstream indi-
cator synthesis methods are mainly the multiplication and division
methods and the addition and subtraction methods. For example,
Chen et al. (2019) believe that vulnerability can be expressed by
“exposure x sensitivity + adaptation,” while Cai (2019) expresses
vulnerability as “exposure + sensitivity - adaptation.” All of these
discrepancies greatly affect the assessment results of heat vulner-
ability and may lead to its disconnection from the practical applica-
tion in reality.

In recent years, the study of urban morphological regions has seen
great advances in urban morphology and urban climate. It has been
established that urban morphological characteristics are closely re-
lated to demographic, economic, and environmental elements (Cai
etal., 2021; Cai et al., 2022). A standardized and systematic morpho-
logical regions scheme provides a reference for global comparison of
heat vulnerability studies, which can also bridges the gap between
heat vulnerability assessment and urban planning, allowing for the
implementation of refined response strategies. This paper aims to
analyze the spatial distribution of heat vulnerability and its char-
acteristics in summer based on the morphological regions scheme,
taking the main urban area of Beijing and its surrounding areas as an
example, which aims to provide a reference for improving the resil-
ience of the city and its capacity to cope with climate change.

2. Data and methodology

2.1 Study area
This study covers an area with a diameter of 36 km radiating out-
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ward from Tiananmen Square (see Figure la), including not only
Beijing’s six main districts, i.e., Dongcheng, Xicheng, Chaoyang,
Haidian, Fengtai, and Shijingshan, but also parts of the surrounding
districts, such as Changping, Mentougou, Tongzhou, Shunyi, Tong-
zhou, Daxing, and Fangshan.

2.2 Data source and preprocessing

The data used in this paper include land surface temperature, air
temperature, population distribution, vegetation cover, and eco-
nomic status. Among them, the land surface temperature data were
retrieved using the thermal infrared band (with a spatial resolution of
100 m) from Landsat 8 satellite imagery, the data source was USGS
(https://earthexplorer.usgs.gov), and the image was acquired at 10:53
pm on Aug. 3, 2020 (local time). The air temperature data were ob-
tained from Beijing meteorological weather stations, including the
hour-by-hour minimum, maximum, and average temperatures of
223 meteorological weather stations in the study area. In the study,
the average temperatures from 22:00 on Aug. 3 to 2:00 on Aug. 4,
2020, were used as the basis for obtaining the nighttime air tem-
perature distribution in the study area at a 100 m spatial resolution
using the spatial interpolation methods. Population distribution data
were downloaded from the world population website (https:/www.
worldpop.org), including information on population distribution by
age, population density, etc., with an original spatial resolution of 1
km. The vegetation cover data uses the Normalized Difference Veg-
etation Index (NDVI), which is mainly based on the near-infrared
(NIR) and red bands in the Landsat 8 image dataset, with a spatial
resolution of 30 m. And the economic data were mainly the Gross
Domestic Product (GDP), obtained from the World Bank (https://
data.worldbank.org), with an original spatial resolution of 1 km. To
ensure the consistency of the spatial scale, all of the data were resa-
mpled with a spatial resolution of 100 m.

2.3 Urban morphology regions

By referring to related research results (Stewart & Oke, 2012; Cai
et al., 2022), this paper classifies the urban morphology into two
categories — built-up area and area with natural land cover — and 10
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Figure I Study area, daytime land surface temperature, and nighttime air tem-
perature distribution

subcategories, including compact high-rise, open mid-rise, large
low-rise, water body, etc. (see Figure 2). To identify and classify
urban morphology in a large-scale area with high accuracy, this re-
search employs a machine learning method based on remote-sensing
images. This method consists of four processes: sample training,
machine learning, accuracy assessment, and adjustment and feed-
back. Further details can be found in Cai et al. (2022). The final
results achieved an overall accuracy (OA) of more than 65%, which
fulfills the research needs.

2.4 Procedure and methodology of heat vulnerability as-
sessment

Previous studies (Xie et al., 2014; Chen et al., 2019) indicates that
the urban heat vulnerability assessment procedure consists of three
processes: indicator selection, indicator weighting, and indicator
synthesis. To assess the actual conditions in the study area, seven
indicators were chosen: air temperature (AT), land surface tempera-
ture (LST), population density (PD), age of the population (Age),
GDP, and NDVI index. Three of these indicators — AT, LST, and
PD — were used to assess heat exposure, age of the population was
used to assess heat sensitivity, and GDP and NDVI index were used
to assess heat adaptability (see Table 2). According to the results of
previous studies (Gasparrini et al., 2012), the higher the values of
temperature and population density, the higher the risk of exposure
of the population to heat waves, which in turn produces positive in-
fluences on heat vulnerability. Elderly people and infants are more
sensitive to high-temperature heat waves due to their poorer physi-
ological condition (Wolf et al., 2012). The physiological condition of
the human body increases and then decreases with age, so it can be
considered that the population’s sensitivity to heat waves also shows
a trend of decreasing and then increasing with age. In general, the
GDP reflects the economic status of the population, and the better
the economic status of the population, the more they can afford to
spend on air-conditioning, cooling, medical care, etc., thus showing
a high degree of adaptability to heat waves (Sun et al., 2022). While
the NDVI index can reflect the vegetation cover, a large number of
studies have pointed out that there is a significant negative correla-
tion between vegetation cover and temperature (Hang and Cai, 2016;
Jiang et al., 2021), and that higher vegetation cover can bring more
space for residents to cool down and relax. Therefore, higher GDP
and NDVI can reduce the heat vulnerability of the city.

In terms of indicator weighting and indicator synthesis, this study
uses the method of equal weight addition and subtraction. Specifi-
cally, the indicators are first normalized (Equation 3) to eliminate
the difference in magnitude between them. They are given the same
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weights according to the number of indicators, and finally, they are
added according to the positive and negative impacts of each indica-
tor on heat vulnerability (Equation 1). The specific equations are as
follows:

HV=3% Dy m=E,S,A) (1)
Di=(} L)) (@)
Ei = (X - men)/(Xmax - Xmin) (3)

where, HV is the heat vulnerability index, Dx is the three dimensions
of heat vulnerability. DE, DS, and DA represent exposure, sensi-
tivity, and adaptability, respectively. I is the normalized indicator
value, j is the number of indicators selected on a dimension, 7 is the
serial number of the indicator on a dimension, e.g., [ represents the
normalized value of the second indicator on the exposure degree. x
is the actual value of an indicator, Xmax is the maximum value of an
indicator, and Xmi» is the minimum value of an indicator.

3. Urban morphology and its characteristics of heat
vulnerability

3.1 The composition and spatial distribution of Beijing’s
morphological regions

In terms of urban morphology regions (see Figure 3b), Beijing’s
built-up areas are dominated by compact classes, which account for
22% of the total land area in the study area, and show a decreasing
trend in the order of compact low-rise (CLR), compact mid-rise (CMR),
and compact high-rise (CHR). The open classes have a relatively low
proportion of about 13.5% in the total land area in the study area,
and also shows a decreasing trend in the order of open high-rise
(OHR), open mid-rise (OMR), and open low-rise (OLR). The class of
large low-rise (LLR) also has a notable presence, comprising 5.8%
of the study area. The non-built-up area, such as green space, oc-
cupies more than 50% of the study area. In terms of spatial distribu-
tion, Beijing’s built-up area follows a “finger-shape + multi-center”
pattern, with the main city at the core and peripheral urban built-
up areas developing along the roads radiating outward, connecting
with the sub-centers of the city (see Figure 3a). In terms of specific
forms, CLR is dominant within the 2" Ring Road, CMR and CHR
are dominant between the 2" Ring Road and the 4™ Ring Road, and
OHR and OMR are dominant in the built-up area outside the 4"Ring
Road. In addition, due to the differences in urban functions and in-
dustrial layout, the types of urban morphology in the peripheral dis-
tricts also differ greatly. For example, the urban morphology of the
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Tongzhou sub-center with a large population is dominated by OHR,
while the Yizhuang area, an important logistics distribution and
production base in Beijing, is dominated by LLR. Rural settlements
show a point-based layout, mainly in CLR class.

Despite the differences in the three dimensions and the composition
of the indicators for heat vulnerability evaluation, we can see that the
values of the indicators for heat vulnerability evaluation show a high
degree of consistency when considering urban morphology regions (see
Figure 5). Compact classes have higher exposure, sensitivity, and

Large low-rise (LLR) Compact high-rise (CHR)

Green space (GS)

Open low-rise (OLR) Compact mid-rise (CMR)

MR

Water body Open space (OS)

Open mid-rise (OMR)
Compact low-rise (CLR)

Open high-rise (OHR)

Urban morphology regions Common urban land use and functions
Built-up B1. Compact high-rise

(B) B2. Compact mid-rise

CBD, high-intensity residential and office areas
Old city centers, commercial streets

B3. Compact low-rise
B4. Open high-rise
B5. Open mid-rise
B6. Open low-rise
B7. Large low-rise

Urban villages and old neighborhoods
Typical high-rise housing development
High-quality neighborhoods, schools
Villa area, part of rural settlements

Industrial areas, logistics centers, wholesale
centers

Natural N1. Green space Park and forest
%;Il\l;)d COVer  N2. Open space Roads, squares, demolition areas, parking lots
N3. Water Rivers and lakes

Figure 2 Urban morphological regions and explanation of common urban
land use

Table 2 Three dimensions of heat sensitivity and selection of assessment indi-
cators

Dimensions Indicators The contributions to
heat vulnerability

Heat DE — Exposure LST Positive (+)
vulnerability Air temperature Positive (+)
Population density Positive (+)
DS — Sensitivity Age <35 Negative (-)
Age > 35 Positive (+)
DA — Adaptability ~ GDP Negative (-)
NDVI Negative (-)
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Figure 3 Distribution of urban morphological regions in Beijing and proportion of urban morphological regions’ classes in the study area

vulnerability degrees than open classes, and mid-rise classes have
significantly higher exposure, sensitivity, and vulnerability degrees
than high-rise and low-rise types. However, the adaptability capac-
ity is the opposite, i.e., the compact classes were less adaptive to heat
waves than the open classes. This is evidenced by the highest degree
of exposure, sensitivity, and vulnerability in CMR, while OLR has
the lowest degree. Similarly, OLR has the highest adaptability and
CLR has the lowest.

4. Planning countermeasures for heat vulnerability
in Beijing

In order to reduce the vulnerability of urban populations to heat
waves, three measures can be applied - reducing environmental ex-
posure, weakening population sensitivity, and improving population
adaptability. However, as urban heat vulnerability involves mul-
tiple dimensions and indicators of different fields, corresponding
mitigation strategies must be proposed for specific indicators and
dimensions. These strategies should include optimization of urban
morphology at the material level, as well as policy guidance and in-
stitutional design at the non-material level.

4.1 Optimization of urban morphology

Urban morphology is the comprehensive expression of various mate-
rial and non-material elements, influencing the social economy and
environment. Studies have shown that optimizing urban morphology
effectively reduces the urban heat island effect and improves the ther-
mal environment (Yang et al., 2020; Lai et al., 2019). Additionally,
our research has demonstrated that heat vulnerability varies across

different urban morphological regions, with highly vulnerable areas
concentrated in spaces with high construction intensity (see Figure
5d). Consequently, changing urban morphology through demoli-
tion and redevelopment can be a viable strategy for cities to mitigate
heat waves. For example, many cities opt for the push-button urban
renewal method, which includes redeveloping CLR settlements into
OHR or OMR. However, as the city develops and an emphasis is
placed on stock-based development and micro-renewal, implement-
ing such a radical change of physical space becomes increasingly
difficult due to economic and cultural constraints. Furthermore, it is
also unlikely to reduce heat vulnerability by changing the urban mor-
phology from high-intensity (e.g., CHR, OHR) to low-intensity (e.g.,
OMR and OLR) forms, which is rare in planning and construction.

To reduce heat vulnerability, it is necessary to implement optimized
regeneration strategies that are tailored to different urban morpholo-
gies and causes of heat vulnerability. For example, in CHR space
with high land surface temperature and air temperature, population
concentration, and sparse vegetation cover, increasing permeable
paving, opening up key ventilation nodes, and increasing vertical
greening can improve the thermal environment (Hsieh and Huang,
2016; Morakinyo et al., 2019). Additionally, population density
should be reduced if possible (Cai et al., 2020). Green roofs and
building shadows can improve the thermal environment in CLR
space with high land surface temperature, low vegetation cover,
and poor economic status of the crowd (Zuo et al., 2022). Moreover,
industrial implantation, space revitalization, and other strategies can
help to improve the income of the crowd, thus increasing their adap-
tive capacity to heat waves.
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Figure 4 Spatial distribution of heat exposure, sensitivity, vulnerability, and adaptability in summer Beijing

4.2 Enhancement of policy guidance and institutional design
In addition to optimizing physical forms, relevant policy guidance
and institutional design can reduce the heat vulnerability of cities.
Despite the attention given to the negative impacts of summer heat
waves, the relevant policies and institutional frameworks for them
are still absent in most cities in China. Recently, some cities have
begun developing high-temperature early warning mechanisms
and providing heat-relieving products in certain areas. To enhance
a city’s capacity to cope with high-temperature climate disasters,
measures such as formulating special planning, establishing disaster
relieving organizations and institutions, forming high-temperature
action plans and guidelines, and promoting science knowledge
popularization to the public should be taken. For example, New
York City in the United States formulated the New York City Haz-
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ard Mitigation Plan (Blasio and Bruno, 2014) and constructed a
systematic organizational structure involving the plan preparation
team, the Hazard Mitigation Planning Council, citizens, and other
organizations. Similarly, England has prepared the Heatwave Plan
for England, constructed a cascading heatwave warning system and
action plans, and also provided specific health guidance and advice
to the public, local communities, and others (Williams et al., 2019).
Since the Chinese government has considerable power in allocating
resources, strengthening relevant policy guidance and institutional
design will effectively address climate hazards and heat waves.

5. Conclusions

This paper assesses the spatial distribution and causes of heat
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Figure 6 Violin plots distribution with normalized values for each indicator of urban morphological regions in built-up classes

vulnerability in Beijing from the perspective of morphological re-
gions. Results reveal that compact urban morphology classes have
higher exposure and sensitivity degrees, while open classes have
higher heat adaptability. Temperature, population density, population
characteristics, and vegetation cover in different urban morphologi-
cal regions are the main causes of variation in heat vulnerability. This
paper proposes corresponding mitigation strategies in terms of urban
morphology optimization and policy guidance. In general, the heat
vulnerability assessment and analysis based on urban morphology
directly points out the connection between spatial forms and vulner-
ability, providing a direct reference for relevant planning decision-
makers, and avoids the drawbacks of multi-dimensionality and
complex indicator system in the vulnerability assessment process.
Though limited indicators and a single assessment method were used,
this study emphasizes the need for a systematic and comprehensive
assessment with multiple indicators and methods in the future.
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