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Abstract

The quantitative relationship between the spatial variation of building’s height and the asso-

ciated land surface temperature (LST) change in six Chinese megacities is investigated in

this paper. The six cities involved are Beijing, Shanghai, Tianjin, Chongqing, Guangzhou,

and Shenzhen. Based on both remote sensing and building footprint data, we retrieved the

LST using a single-channel (SC) algorithm and evaluate the heating/cooling effect caused

by building-height difference via correlation analysis. The results show that the spatial distri-

bution of high-rise buildings is mainly concentrated in the center business districts, riverside

zones, and newly built-up areas of the six megacities. In the urban area, the number and the

floor-area ratio of high to super high-rise buildings (>24m) account for over 5% and 4.74%,

respectively. Being highly urbanized cities, most of urban areas in the six megacities are

associated with high LST. Ninety-nine percent of the city areas of Shanghai, Beijing,

Chongqing, Guangzhou, Shenzhen, and Tianjin are covered by the LST in the range of

30.2~67.8˚C, 34.8~50.4˚C, 25.3~48.3˚C, 29.9~47.2˚C, 27.4~43.4˚C, and 33.0~48.0˚C,

respectively. Building’s height and LST have a negative logarithmic correlation with the cor-

relation coefficients ranging from -0.701 to -0.853. In the building’s height within range of

0~66m, the LST will decrease significantly with the increase of building’s height. This indi-

cates that the increase of building’s height will bring a significant cooling effect in this height

range. When the building’s height exceeds 66m, its effect on LST will be greatly weakened.

This is due to the influence of building shadows, local wind disturbances, and the layout of

buildings.

Introduction

The rapid development of cities has led to fast growth of urban space in China [1, 2]. In many

large cities, high-rise buildings have been constructed to meet the demands of the rapid growth

of urban population. Compared with low-rise buildings, high-rise buildings save more floor
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space and improve the efficiency of landuse, which can leave more space for the construction

of urban ecological land. Nonetheless, high-rise buildings have a stronger influence on the

local atmospheric conditions and sunshine conditions than low-rise buildings. It has further

effects on local ecosystems, energy and water demands, human well-being [3, 4]. In order to

explore the rationality of urban vertical expansion, it needs to investigate the relationship

between building height and land surface temperature (LST).

Compared with traditional in situ data, remote sensing data could provide continuous and

mass data, which is widely used to retrieve LST, and the distribution, dynamicity, and reveal

heterogeneity of LST [5–7]. The different thermal infrared remote sensing data, such as

MODIS and Landsat, have been used to demonstrate the heating/cooling effect of urban land

cover change. Many studies have measured land surface temperature through single-window

algorithm, single-channel algorithm, split window method, etc. [8–11].

The relationship between urban morphology factors on LST has been widely researched.

Zhao et al. [12] studied the thermal effects of various building types day and night. Du et al.

[13], Ng et al. [14] and Zhan et al. [15] studied the impact of building density on the urban

thermal environments. Moreover, many scholars have focused on the relationships between

the LST and land use, sky view factor, ventilation performance, building height and street pat-

tern, in both the neighborhood and precinct scales [16–23]. The relationship between the

urban thermal environment and different urban morphology factors varies in different cities

due to differences in the climate zone, population, scales and methods [24, 25]. Guo et al.

(2020) used urban spatial form indices, e.g., building form, landuse, landscape index, socio-

economic, terrain, remote sensing index, to explore spatial and temporal differentiation char-

acteristics and driving factors of LST at the community scale [20]. The results showed that LST

was influenced by land use. Yang et al. (2019) assessed the impact of urban building morphol-

ogy on local climate surface temperatures under different wind conditions [21]. The results

showed that urban building morphology was one of the important drivers of climate change.

High-density high-rise buildings can increase surface temperatures. He et al. (2019, 2020)

comprehensively analyzed the influence of urban surface structures, including compactness,

building height and street structure, on local ventilation performance and urban thermal envi-

ronment [22, 23]. Result indicates the combinations of the open mid-rise gridiron precinct

with different external meteorological conditions resulted in significant variations in precinct

ventilation performance and urban thermal environment. Thus, it can be seen that the reason-

able urban spatial form plays an important role in mitigating urban heat islands [23].

The spatial configuration of urban buildings is often considered when studying the influ-

ence of urban development on the urban thermal environment. The three-dimensional form

of the urban buildings is an important factor reflecting the urban development status. Under-

standing the mechanisms behind the LST and its variability caused by three-dimensional

change of buildings has practical significance. In conclusion, previous studies only focus on

analyzing the degree of correlation relationship between urban morphology factors, e.g., build-

ing height and street pattern, and urban temperature. So far, little research has got their quan-

titative relationship. Accordingly, we aim to establish the quantitative function relationship of

building height and land surface temperature in six China’s megacities and to explore the

appropriate building height value from the perspective of the impact of building height on

urban thermal environment. The height of the six megacities has a wider value range than oth-

ers, which helps data comparison and the reliability of the research results. In this study, Land-

sat images were used to retrieve LST, which was then combined with the building footprints

data to discover the relationship between building height and LST. We analyze the thermal

environment effect resulting from the development of urban building height associated with

rapid urbanization, and thus provide a theoretical basis for study of the improvement of

PLOS ONE The Impact of building height on urban thermal environment in summer

PLOS ONE | https://doi.org/10.1371/journal.pone.0247786 April 22, 2021 2 / 15

https://doi.org/10.1371/journal.pone.0247786


thermal environment. It is helpful to address the practical problems associated with urban

development and to improve the urban living environment.

Study areas

According to the notice of the state council on adjusting the scale of urban scale in 2014 [26],

the six megacities that have more than 10 million permanent population were selected as the

study cities. The six megacities are Shanghai (24.24 million), Beijing (18.63 million), Chong-

qing (15.08 million), Guangzhou (13.15 million), Shenzhen (13.03 million) and Tianjin (12.97

million) by referring to the population data of China City Construction Statistical Yearbook in

2018 (Fig 1). Among them, Shanghai, Beijing, Chongqing, and Tianjin are municipalities of

China. Guangzhou is the provincial capitals of Guangdong. Shenzhen is China’s first special

economic zone established in 1978. It is also considered as one of the fastest growing cities in

the world. Beijing (39˚26’-41˚03’N, 115˚25’-117˚30’E) and Tianjin (38˚33’-40˚15’N, 116˚42’-

118˚04’E) are located in the North China Plain of north China. Shanghai (30˚400-31˚530N,

120˚520-122˚120E) is located in the Yangtze Delta Plain of east China. Guangzhou (22˚26’-23˚

56’N, 112˚57’-114˚03’E) and Shenzhen (22˚27’-22˚52’N, 113˚46’-114˚37’E) are located in Pearl

River Delta Plain of southeast China. Chongqing (28˚10’-32˚13’N, 105˚11’-110˚11’E) is located

in the Sichuan basin of southwest China. These six megacities have large population with a lot

of tall buildings. Studying on the relationship between building height and urban thermal

Fig 1. Landsat 8 OLI images of the six megacities (downloaded from USGS/NASA website).

https://doi.org/10.1371/journal.pone.0247786.g001
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environment in these megacities can reveal the relationship between urban construction and

ecological environment after rapidly urbanization. Beijing’s 5th ring road, Shanghai’s outer

ring highway, Guangzhou’s loop expressway, Chongqing’s inner ring expressway, Shenzhen’s

Ring Avenue and Tianjin’s outer ring highway are respectively taken as the study area’s bound-

ary. These boundaries can effectively extract the buildings inbuilt-up area and ensure the

integrity of the building units.

Methods

Building height distribution

Building height means the height difference between the roof and the outdoor floor. We

obtained the building footprints and their heights data in the urban area from Urban Data

Institute (a Chinese institution shared for geographic information data) in the first quarter of

2018. By referring to the high spatial resolution Google earth imagery, we found most of the

buildings were mapped in the building footprint dataset. The very few missing buildings were

digitized by referring to the Google Earth imagery. The dataset also included the number of

floors for each building. We further calculated the building height by multiplying the number

of floors by 3 m, which is defined as the typical height of one floor by the Residential Building

Code of China [27]. The building height data has also been corrected by referring to the online

building height information of the six megacities and Google high resolution imagery. Finally,

we used Arc Scene software to do 3D building modeling.

We classify building height into five types based on the number of floors of the buildings

(Table 1), according to the Chinese building classification in the Uniform standard for Design

of Civil Buildings [28].

LST retrieval

Landsat 8 thermal infrared sensor (TIRS) data was used to calculate the LST. It is downloaded

from the United States Geological Survey (USGS) (https://earthexplorer.usgs.gov/). The details

of the data are shown in Table 2. The selected imagery all obtained on the similar relatively

Table 1. Classification of building types.

Building type Storey

Low-rise building 1~3(3~10m)

Multi-rise building 4~6(10~18m)

Mid-rise building 7~9(18~24m)

High-rise building >9(24~100m)

Super high-rise building Building height exceeds 100m

https://doi.org/10.1371/journal.pone.0247786.t001

Table 2. Landsat 8 TIRS images.

City Date Time (CST) Spatial resolution (m) Path/Row Cloud cover of study area (%)

Shanghai 2018-7-26 10:24 a.m. 100 118/38, 118/39 5.50

Beijing 2018-6-27 10:52 a.m. 100 123/32 0.42

Chongqing 2018-9-02 11:26 a.m. 100 128/39 0.49

Guangzhou 2018-7-22 10:52 a.m. 100 122/44 0.05

Shenzhen 2018-7-22 10:52 a.m. 100 122/44 1.89

Tianjin 2018-7-06 10:46 a.m. 100 122/33 0.92

https://doi.org/10.1371/journal.pone.0247786.t002
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clear weather conditions in summer and the air temperatures were over 30˚C. These images

have a similar overpass time (during10:24–10:52 a.m. CST (China Standard Time)) so that the

LSTs could be compared with each other.

Landsat 8 official website recommends using band 10 to retrieve LST due to the calibration

problem of band 11 [29, 30]. Therefore, Landsat 8 band 10 was used to retrieve the LST using

the Single-channel method (SC) [3, 31]. The algorithm need less atmospheric parameter and

can achieve a lower root mean square error [32, 33]. Firstly, at-sensor brightness temperatures

(Tsensor) were retrieved based on the atmospheric correction of TIRS 10 thermal bands. The

formulas are expressed as:

Lsensor ¼ ML � DN þ AL ð1Þ

Tsensor ¼ K2=lnðK1=Lsensor þ 1Þ ð2Þ

Where Lsensor is the at-sensor spectral radiance of TIRS band 10; ML and AL are multiplicative

re-scaled factor corresponding to a specific band and additive re-scaled factor corresponding

to a specific band, respectively. DN is the calibrated standard product pixel value of band 10.

K1 and K2 are the band-specific thermal conversion constants of band 10. LST was subse-

quently obtained after emissivity correction through Eqs (3) and (4):

LST ¼ g½ε� 1ðc1Lsensor þ c2Þ þ c3� þ d ð3Þ

g � T=ðbgLÞ; d � T � T=bg ð4Þ

where γ and δ are two parameters dependent on the Planck’s function. ε is the surface emissiv-

ity, which can be estimated from the ASTER spectral database and the result of [34]. The emis-

sivity of TIRS band 10 for forest, grass, soil, built land and water is 0.9813, 0.9823, 0.9722,

0.9212 and 0.9908, respectively. ψ1, ψ2, ψ3 are the atmospheric functions. bγ = 1324 for TIRS

band 10; ψ1, ψ2, ψ3 are the atmospheric functions.

Building shade extraction

In order to analyze the effects of shadow created by high building to LST, automated Water

Extraction Index (AWEIsh) [35] is used to effectively extract water and shadow pixels. Then,

modified normalized difference water index (MNDWI) [36] is used to removing water pixels

from shadow pixels. The formula is expressed as:

AWEIsh ¼ rband2 þ 2:5� rband3 � 1:5� ðrband5 þ rband6Þ � 0:25� rband7 ð5Þ

MNDWI ¼ ðrband3 � rband6Þ=ðrband3 þ rband6Þ ð6Þ

where ρ is the reflectance value of spectral bands of Landsat 8: band2 (Blue), band 3 (Green),

band 5 (NIR), band 6 (SWIR1) and band 7 (SWIR2).

Correlation analysis

Our correlation analysis focused on how LST changed through building height. Bivariate cor-

relation analysis is used primarily with two or more variables. Here, we employ the Pearson

simple correlation coefficient to measure the linear correlations between building height and
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LST. The formula is expressed as:

r ¼
P
ðx � �xÞðy � �yÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P
ðx � �xÞ2

P
ðy � �yÞ2

q ð7Þ

where r is the correlation coefficient between x and y. The correlation coefficient must lie in

the range 0�r�1. The two variables are positive correlated in the range r>0; the two variables

are negatively correlated in the range r<0; the two variables have no linear correlation in the

range r = 0; x, y mean the sample value. �x and �y are the mean values of x and y, respectively.

Results

High-rise buildings distribution

The rapid urbanization leads to the rapid growth of urban 3D space. Building height is an

important index to measure the vertical spatial distribution of buildings. We now consider the

spatial distribution of high-rise buildings and super high-rise buildings were mainly concen-

trated in the urban Center Business Districts, Riverside zone, and new built-up area. The spe-

cial regions are Shanghai’s Central Business Districts (Lujiazui and Xujiahui regions) (Fig 2a),

Beijing‘s east and west part along the second and third ring roads (Fig 2b), Chongqing’s Cen-

tral Business Districts (Jiefangbei, Jiangbeizui and Danzishi region) (Fig 2c), Guangzhou’s

Central Business Districts (Zhujiang and Tianhe New Town) and the region along both sides

of the Pearl River (Fig 2d), Shenzhen’s business center (Futian and Luohu region) (Fig 2e),

Tianjin’s central urban areas (Heping, Hexi and Hebei region) and the region along the Haihe

River (Fig 2f). In 2018, the number percent and building area ratio of high-rise buildings (24-

100m) and super high-rise buildings (>100m) are all over 5%and 4.74% in the urban area of

the six megacities, respectively. Among the six megacities, Chongqing’s urban area has the

largest high-rise building number percent (18.26%) and building area ratio (19.37%) (Fig 3).

Land surface temperature distribution

The LST results are shown in Fig 4. Due to the lack of the historical temperature data of the

standard meteorological stations in the six megacities, we used MODIS LST data to verify the

accuracy of L8 LST data [37]. The MODIS LST daily data (MOD11A1) was obtained by the

National Aeronautics and Space Administration (NASA). The mean L8 LST results were com-

pared to the mean MODIS LST data in the same region. By comparing the mean LST differ-

ence, it can avoid the error caused by the difference in spatial resolution of the two kinds of

imagery. The experimental results show that the error between the retrieved Landsat LST and

the MODIS LST is less than 5%, which can reflect the spatial distribution of the LST in the

study area (Table 3). It is due to the difference in the overpass time of the two satellites.

We now consider the spatial distribution of LST (Figs 4 and 5). Most of urban area in the

six megacities covered by high LST showed orange and red colors in Fig 5. In Shanghai, the

LST in the north industrial area and old central is relatively high, and the LST in the outer new

built-up area is relatively low (Fig 5a). 99% of grid cells had a LST within the range from 30.2

to 67.8˚C (Fig 4). In Beijing, the LST in the old central (Dongcheng District, Xicheng District)

and south Fengtai District is relatively high, and the LST in the north is relatively low (Fig 5b).

99% of grid cells had a LST within the range from 34.8 to 50.4˚C (Fig 4). In Chongqing, the

LST in the southwest Shixinlu industrial area, southeast Dashilu industrial area and Jiulongpo

District is relatively high, and the LST in the north area along Jialing River is relatively low (Fig

5c). 99% of grid cells had a LST within the range from 25.3 to 48.3˚C (Fig 4). In Guangzhou,

the LST in the north Baiyun District, east Huangpu District and South industrial area is
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relatively high, and the LST in the central Yuexiu District is relatively low (Fig 5d). 99% of grid

cells had a LST within the range from 29.9 to 47.2˚C (Fig 4). In Shenzhen, the LST in the

northwest Bao’an District is relatively high, and the LST in the central Nanshan District and

west Futian District and Luohu District is relatively low (Fig 5e). 99% of grid cells had a LST

within the range from 27.4 to 43.4˚C (Fig 4). In Tianjin, the LST in the north Nankai District

and Beichen District is relatively high, and the LST in the east and south is relatively low (Fig

5f). 99% of grid cells had a LST within the range from 33.0 to 48.0˚C (Fig 4).

Correlation of land surface temperature with building height

According to the regression analysis result (Fig 6), building height and LST has negative loga-

rithmic correlation with the coefficient value from -0.701 to -0.853. It shows that LST decreases

with the increase in building height. In other words, the area with low-rise buildings has higher

LST, while the area with high-rise buildings has lower LST. Especially, within the height range

of 0~66m, it will bring a significant cooling effect with the increase of building height. For

Fig 2. Three-dimensional map of building distribution.

https://doi.org/10.1371/journal.pone.0247786.g002
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Fig 3. Histograms showing: Numbers percent of buildings according to height (a) and building area ratio (b).

https://doi.org/10.1371/journal.pone.0247786.g003

Fig 4. Box plots of LST distributions.

https://doi.org/10.1371/journal.pone.0247786.g004
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example, the LST rapidly decreases with the increase of building height within the range of

0~45m in Shanghai, 0~60m in Beijing, 0~51m in Chongqing, 0~45m in Guangzhou, 0~33m

in Shenzhen, 0~36m in Tianjin, respectively. After the building height exceeds 66m, the impact

of building height on LST is significantly weakened. It presents scattered points in Fig 6.

Table 3. Results comparison of retrieve accuracy of LST.

City Date Overpass Time (CST) Satellite Mean LST(˚C) Mean LST Difference(˚C)

Shanghai 2018/7/26 11:36a.m. MODIS 36.22 -0.76

10:24a.m. Landsat 35.46

Beijing 2018/6/27 11:48a.m. MODIS 36.19 0.57

10:52a.m. Landsat 36.76

Chongqing 2018/9/2 10:06a.m. MODIS 37.04 1.23

11:26a.m. Landsat 38.27

Guangzhou 2018/7/22 10:00a.m. MODIS 34.34 0.84

10:52a.m. Landsat 35.18

Shenzhen 2018/7/22 10:00a.m. MODIS 34.26 0.97

10:52a.m. Landsat 35.23

Tianjin 2018/7/6 11:42a.m. MODIS 34.22 -0.68

10:46a.m. Landsat 33.54

https://doi.org/10.1371/journal.pone.0247786.t003

Fig 5. Spatial distribution of LST of six megacities (USGS/NASA Landsat 8).

https://doi.org/10.1371/journal.pone.0247786.g005
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The reason why building height and LST has a negative correlation is discussed as followed.

1. In summer, building shade can cool urban temperature effectively by reducing total solar

radiation in sunlight [38, 39]. Furthermore, nearby buildings could partly be relieved from

the hot sunlight owing to building shadows during the day. We analyze the difference in

LST by comparing the different building shadow samples in the six megacities. The results

show that the shaded region is cooler than the surrounding non-shaded region (Fig 7).

2. Wind flow and air circulation help reduce the temperature [40, 41]. The existing buildings

seldom set the ventilation hole in the central part. As a result, high-rise building area exists

obviously wind break or wind-catching effect. It changed the original dominant wind direc-

tion around the high-building, which produces turbulence both in the windward and in lee-

ward side. Furthermore, it makes "wind valley" in the local building region. This wind

disturbance effect improves the local thermal environment in high-rise buildings area.

3. Urban architectural patterns form the different urban local climate zones (LCZs) and influ-

ence the change of LST [42–44]. The newly built-up areas mostly have a regular landscape

structure with aligned and spare multi-storied and high-rise buildings LCZs, which facili-

tates air convection [45]. In contrast, the old district mostly has compact low-rise building

LCZs. The urban street canyon increases the LST by trapping the heat inside compact struc-

tures and blocking the wind [46]. The LST of these LCZs is higher than those for open and

spare building LCZs [43].

4. Since more horizontal active surface(the satellite nadir views on the ground) in low-rise

building areas have been seen than that in the high-rise areas, these low-rise areas would

appear disproportionally hot relative than high rise areas [47–49]. Moreover, owing partly

to the lag in heating of large concrete masses, high-rise building areas appear cooler at this

time of about 10:00 a.m. [47].

Discussion and conclusion

Discussion

The Municipal Planning Bureaus of the six megacities issued the relevant provisions of the

planning and design notice, which stipulated the building height. For example, the building

height in Beijing cannot exceed16 floors in the old center within the Second Ring Road. In

Guangzhou, the building height cannot exceed 30m in the historical streets of Yuexiu District,

Liwan District, and Haizhu District. It is necessary to strictly implement the relevant

Fig 6. Regression analysis of building height and land surface temperature.

https://doi.org/10.1371/journal.pone.0247786.g006
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provisions and pay attention to the planning. In addition, it commits an error in the building

height results which were all calculated by multiplying the number of floors by 3 m. Therefore,

by referring to the online building height information of the six megacities and Google high-

resolution imagery, the building height data in this paper has been corrected.

We focused on studying the relationships between building height and urban heat environ-

ment. In the future comprehensive urban heat environment analysis, it needs to consider

many other factors, e.g., building materials, building density and vegetation. In addition, the

correlation analysis used to analyzed the quantitatively relationship between LST and building

height cannot well express their spatial correlation.

Conclusion

Our study investigates the effects of the building height on the thermal environment in mega-

cities. We employed bivariate correlation analysis to explore possible associations of building

height with surface temperature, and achieved the following results.

Fig 7. Relationship of spatial distribution between building shadow and LST (USGS/NASA Landsat 8).

https://doi.org/10.1371/journal.pone.0247786.g007
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1. The spatial distribution of high-rise buildings and super high-rise buildings are mainly con-

centrated in the center business districts, riverside zones, newly built-up area of the six

megacities. In the urban area, the number and the building area ratio of the high-rise build-

ings (24-100m) and super high-rise buildings (>100m) account for over 5% and 4.74%,

respectively. Among them, Chongqing’s urban area has the largest high-rise building num-

ber percent (18.26%) and building area ratio (19.37%).

2. Being the highly urbanized region, most of the urban areas in the six megacities are associ-

ated with high LST. Most of the high-temperature grid cells were distributed in industrial

area and old center built-up area. The results show that Ninety-nine percent of the city

areas of Shanghai, Beijing, Chongqing, Guangzhou, Shenzhen, and Tianjin are covered by

the LST in the range of 30.2~67.8˚C, 34.8~50.4˚C, 25.3~48.3˚C, 29.9~47.2˚C, 27.4~43.4˚C,

and 33.0~48.0˚C, respectively.

3. According to the regression analysis result, building height and LST have a negative loga-

rithmic correlation with the correlation coefficient value ranging from -0.701 to -0.853. In

the building’s height within 0–66m, LST will decreases significantly with the increase of

building height. This indicates that the increase of building’s height will bring a notable

cooling effect in this height range. After the building’s height exceeds 66m, its effect on LST

will be greatly weakened. This is due to the influence of building shadow, local wind distur-

bances, and the layout of buildings.

Supporting information

S1 File.

(RAR)

Acknowledgments

We thank the Urban Data Institute (a Chinese institution) for providing building footprint

data and the United States Geological Survey (USGS), and the National Aeronautics and Space

Administration (NASA) for providing Landsat satellite imagery. The helpful comments and

suggestions from the all reviewers are very gratefully acknowledged.

Author Contributions

Conceptualization: Hanqiu Xu.

Data curation: Meiya Wang.

Formal analysis: Meiya Wang.

Investigation: Meiya Wang.

Methodology: Meiya Wang.

Resources: Meiya Wang.

Software: Meiya Wang.

Validation: Meiya Wang.

Visualization: Meiya Wang.

Writing – original draft: Meiya Wang.

Writing – review & editing: Hanqiu Xu.

PLOS ONE The Impact of building height on urban thermal environment in summer

PLOS ONE | https://doi.org/10.1371/journal.pone.0247786 April 22, 2021 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247786.s001
https://doi.org/10.1371/journal.pone.0247786


References

1. He Q, Liu Y, Zeng C, Yin C, Tan R. Simultaneously simulate vertical and horizontal expansions of a

future urban landscape: A case study in Wuhan, Central China. Int. J. Geogr. Inf. Sci. 2017; 31: 1907–

1928.

2. Liu Y, He Q, Tan R, Liu Y, Yin C. Modeling different urban growth patterns based on the evolution of

urban form: a case study from Huangpi, Central China. Appl. Geogr. 2016; 66: 109–118. https://doi.

org/10.1016/j.apgeog.2015.11.012

3. Jimenez-Munoz JC, Cristobal J, Sobrino JA, Soria G, Ninyerola M, Pons X, et al. Revision of the single-

channel algorithm for land surface temperature retrieval from Landsat thermal-infrared data. IEEE

Trans. Geosci. Remote Sens. 2009; 47: 339–349. https://doi.org/10.1109/tgrs.2008.2007125

4. Tu L, Qin Z, Li W, Geng J, Yang L, Zhao S, et al. Surface urban heat island effect and its relationship

with urban expansion in Nanjing, China. J. Appl. Remote Sens. 2016; 10: 026037. https://doi.org/10.

1117/1.jrs.10.026037

5. Biswal SS, Gorai AK. Change detection analysis in coverage area of coal fire from 2009 to 2019 in

Jharia Coalfield using remote sensing data. Int. J. Remote Sens. 2020; 41: 9545–9564. https://doi.org/

10.1080/01431161.2020.1800128

6. Lim CH, Jung SH, Kim NS, Lee CS. Deduction of a meteorological phenology indicator from recon-

structed MODIS LST imagery. J. Forest. Res. 2020; 31: 2205–2216. https://doi.org/10.1007/s11676-

019-01015-7

7. Bartesaghi-Koc C, Osmond P, Peters A. Spatial-temporal patterns in green infrastructure as driver of

land surface temperature variability: The case of Sydney. Int. J. Appl. Earth Observ. Geoinf. 2019; 83:

101903. https://doi.org/10.1016/j.jag.2019.101903

8. Tang BH, Zhan C, Li ZL, Wu H, Tang R. Estimation of land surface temperature from MODIS data for

the atmosphere with air temperature inversion profile. IEEE J. Sel. Topics Appl. Earth Observ. Remote

Sens. 2017; 10: 2976–2983. https://doi.org/10.1109/jstars.2016.2634629

9. Chen Y, Duan SB, Ren H, Labed J, Li ZL. Algorithm development for land surface temperature retrieval:

Application to Chinese Gaofen-5 Data. Remote Sens. 2017; 9: 161. https://doi.org/10.3390/rs9020161

10. Ye X, Ren H, Liu R, Qin Q, Liu Y, Dong J. Land surface temperature estimate from Chinese gaofen-5

satellite data using split-window algorithm. IEEE Trans. Geosci. Remote Sens, 2017; 55: 5877–5888.

https://doi.org/10.1109/tgrs.2017.2716401

11. Garcı́a-Santos V, Coll C, Valor E, Niclòs R, Caselles V. Analyzing the anisotropy of thermal infrared

emissivity over arid regions using a new MODIS land surface temperature and emissivity product

(MOD21). Remote Sens. Environ. 2015; 169: 212–221. https://doi.org/10.1016/j.rse.2015.07.031

12. Zhao G, Dong J, Liu J, Zhai J, Cui Y, He T, et al. Different patterns in daytime and nighttime thermal

effects of urbanization in Beijing-Tianjin-Hebei urban agglomeration. Remote Sens. 2017; 9: 121.

https://doi.org/10.3390/rs9020121

13. Du S, Xiong Z, Wang YC, Guo L. Quantifying the multilevel effects of landscape composition and config-

uration on land surface temperature. Remote Sens. Environ. 2016; 178: 84–92. https://doi.org/10.

1016/j.rse.2016.02.063

14. Ng YXY, Chua LHC, Irvine KN. A study of urban heat island using “local climate zones”—The case of

Singapore. British J. Environ. Clim. Change. 2015; 52: 116–133. https://doi.org/10.9734/BJECC/2015/

13051

15. Zhan Q, Meng F, Xiao Y. Exploring the relationships between land surface temperature, ground cover-

age ratio and building volume density in an urbanized envronment. Int. Arch. Photogramm. Remote

Sens. 2015; 7: 255–260.

16. Qiao Z, Xu X, Wu F, Luo W, Wang F, Liu L, et al. Urban ventilation network model: A case study of the

core zone of capital function in Beijing metropolitan area. J. Clean Prod. 2017; 168: 526–535. https://

doi.org/10.1016/j.jclepro.2017.09.006

17. Schwarz N, Manceur AM. Analyzing the influence of urban forms on surface urban heat islands in

Europe. J. Urban Plan. Dev. 2014; 141: A4014003. https://doi.org/10.1061/(asce)up.1943-5444.

0000263

18. Taleghani M, Kleerekoper L, Tenpierik M, Dobbelsteen AVD. Outdoor thermal comfort within five differ-

ent urban forms in the Netherlands. Build. Environ. 2015; 83: 65–78. https://doi.org/10.1016/j.buildenv.

2014.03.014

19. Lee D, Oh K. Classifying urban climate zones (UCZs) based on statistical analyses. Urban Clim. 2018;

24: 503–516. https://doi.org/10.1016/j.uclim.2017.06.005

20. Guo A, Yang J, Xiao X, Xia J, Jin C, Li X. Influences of urban spatial form on urban heat island effects at

the community level in China. Sustain. Cities Soc. 2020; 53: 101972. https://doi.org/10.1016/j.scs.

2019.101972

PLOS ONE The Impact of building height on urban thermal environment in summer

PLOS ONE | https://doi.org/10.1371/journal.pone.0247786 April 22, 2021 13 / 15

https://doi.org/10.1016/j.apgeog.2015.11.012
https://doi.org/10.1016/j.apgeog.2015.11.012
https://doi.org/10.1109/tgrs.2008.2007125
https://doi.org/10.1117/1.jrs.10.026037
https://doi.org/10.1117/1.jrs.10.026037
https://doi.org/10.1080/01431161.2020.1800128
https://doi.org/10.1080/01431161.2020.1800128
https://doi.org/10.1007/s11676-019-01015-7
https://doi.org/10.1007/s11676-019-01015-7
https://doi.org/10.1016/j.jag.2019.101903
https://doi.org/10.1109/jstars.2016.2634629
https://doi.org/10.3390/rs9020161
https://doi.org/10.1109/tgrs.2017.2716401
https://doi.org/10.1016/j.rse.2015.07.031
https://doi.org/10.3390/rs9020121
https://doi.org/10.1016/j.rse.2016.02.063
https://doi.org/10.1016/j.rse.2016.02.063
https://doi.org/10.9734/BJECC/2015/13051
https://doi.org/10.9734/BJECC/2015/13051
https://doi.org/10.1016/j.jclepro.2017.09.006
https://doi.org/10.1016/j.jclepro.2017.09.006
https://doi.org/10.1061/%28asce%29up.1943-5444.0000263
https://doi.org/10.1061/%28asce%29up.1943-5444.0000263
https://doi.org/10.1016/j.buildenv.2014.03.014
https://doi.org/10.1016/j.buildenv.2014.03.014
https://doi.org/10.1016/j.uclim.2017.06.005
https://doi.org/10.1016/j.scs.2019.101972
https://doi.org/10.1016/j.scs.2019.101972
https://doi.org/10.1371/journal.pone.0247786


21. Yang J, Jin S, Xiao X, Jin C, Xia JC, Li X, et al. Local climate zone ventilation and urban land surface

temperatures: Towards a performance-based and wind-sensitive planning proposal in megacities. Sus-

tain. Cities Soc. 2019; 47: 101487. https://doi.org/10.1016/j.scs.2019.101487

22. He BJ, Ding L, Prasad D. Enhancing urban ventilation performance through the development of precinct

ventilation zones: a case study based on the Greater Sydney, Australia. Sustain. Cities Soc. 2019; 47:

101472. https://doi.org/10.1016/j.scs.2019.101472

23. He BJ, Ding L, Prasad D. Wind-sensitive urban planning and design: Precinct ventilation performance

and its potential for local warming mitigation in an open midrise gridiron precinct. J. Build. Eng. 2020;

29: 101145. https://doi.org/10.1016/j.jobe.2019.101145

24. Chen A, Zhao X, Yao L, Chen L. Application of a new integrated landscape index to predict potential

urban heat islands. Ecol. Indic. 2016; 69: 828–835. https://doi.org/10.1016/j.ecolind.2016.05.045

25. Takkanon P. UHI and thermal performance of office buildings in Bangkok. Procedia Eng. 2017; 180:

241–251. https://doi.org/10.1016/j.proeng.2017.04.183

26. China State Council, Notice of the state council on adjusting the scale of urban scale. 2014. http://www.

gov.cn/zhengce/content/2014-11/20/content_9225.htm.

27. Ministry of Construction of the People’s Republic of China. Residential Building Code, China Architec-

ture & Building Press: Beijing, China, 2005.

28. Ministry of Housing and Urban-Rural Development of the People’s Republic of China, Uniform standard

for design of civil buildings (GB 50352–2019), Beijing, China: China Archit. 2019. http://www.mohurd.

gov.cn/wjfb/201905/t20190530_240715.html.

29. USGS. Landsat 8 TIRS Stray Light Correction Implemented in Collection 1 Processing. https://landsat.

usgs.gov/april-25-2017-tirs-stray-light-correction-implemented-collection-1-processing.

30. Xu HQ, Lin ZL, Pan WH. Some issues in land surface temperature retrieval of Landsat thermal data

with the single-channel algorithm. Geomat. Inform. Sci. Wuhan Univ. 2015; 40: 487–492.
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