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Beijing has experienced rapid urbanization and associated urban heat island (UHI) effects.This study aimed at analyzing the impact
of urban form on UHI in Beijing using TM/ETM images between 1989 and 2010. Spatial analysis was proposed to explore the
relationships between area, compactness ratio, the gravity centers of urban land, and UHI.TheUHI in Beijing spatially represented
a “NE-SW” spindle. The land surface temperature (LST) was higher in south than in north. Urban Heat Island Ratio Index (URI)
was well interrelated with urban land area in different zones. Under the similar urban land area condition, UHI and compactness
ratio of urban land were in positive correlation. The moving direction of the UHI gravity center was basically in agreement with
urban land sprawl. The encroachment of urban land on suburban land is the leading source of UHI effect. The results suggest that
urban design based on urban form would be effective for regulating the thermal environment.

1. Introduction

With the background of rapid urbanization, the population
living in urban areas is forecasted to be five billion by 2030
[1]. Numerous modifications of land surface will occur as an
accumulating number of people migrate into metropolitan
areas [2]. The modification of land surface will result in
urban climate change. There is a remarkable phenomenon
for urban climates that the temperatures of urban land and
their surrounding rural regions are different. The distinct
differences in the temperature are referred to as urban heat
island (UHI) [3, 4]. The UHI would significantly affect the
human living conditions and increase energy consumption
and atmospheric pollution [5]. The acceleration of urbaniza-
tion, such as increased impervious surfaces and population
density, would increase the UHI [6].

Numerous studies have focused on the impact of the
urban form on urban environment. Urban form, which is
a term that broadly refers to the layout and design of a
city, affects ecological and environmental quality through the
composition and fragmentation of land pattern, the water

and energy consumption, and air movement [7–11]. Oke [12]
stated urban size as a main factor in the UHI development.
Declines in thermal inertia and the vegetation index because
of the encroachment of urban land constrain evaporation
consequently reduce the loss of heat by latent heat flux [13].
The reduction of wind speeds [14] and sky-view factors [5, 7],
higher anthropogenic heat release [5, 7, 14], increased energy
demands, and congestion of transportation networks [11]
resulting fromurbanizationwill further aggravateUHI effect.
However, urban growth is an inevitable tendency following
the people migrating into metropolitan areas. “Good urban
form” would mitigate the deterioration of the metropolitan
environment [15, 16] as recent discussions of “urban sprawl”
in the United States and the “compact city” in Europe [17–
19].The relationships between urban form and transportation
energy consumption have been examined to reduce CO

2

emissions [20–22].Marquez and Smith [23] established a land
use - transport - environment model linking urban form to
improve air quality. So far, no detailed study has been made
on the theoretical achievements and practical applications
in the relationship between urban form and urban thermal
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Figure 1: The spatial distribution of urban land in Beijing during 1989–2010.

environment in Beijing. The study focused on the following.
(1)What were temporal-spatial characteristics of urban form
and UHI during the period of 1989–2010? (2)How has urban
form impacted UHI effect in Beijing?

To characterize urban growth, form, and spatial structure,
various indicators such as density, compactness, complexity,
and circularity ratios are used to represent urban characteris-
tics [24]. The zonal strategy also provides us with a scientific
method of measuring spatial geographic information for
urban agglomeration [25–27]. Similarly to urban form, the
measurement of urban heat island also has been the focus of
a large number of studies, and for which several indicators
have been assigned [9, 28–30]. Satellite observation pro-
vides a quantitative measurement of urban sprawl and UHI.
Advanced Very High Resolution Radiometer (AVHRR) data
from the National Oceanic and Atmospheric Administration
(NOAA) [31, 32], Thermal infrared (TIR) data from the
Thematic Mapper (TM) and Enhanced Thematic Mapper
Plus (ETM) [33, 34], Moderate-Resolution Imaging Spectro-
radiometer (MODIS) LST products have been successively
utilized to study the UHI effect [30]. The present study
analyzed LST from TM/ETM collected in 1989, 2000, and
2010, respectively. In addition, Landsat TM images were
analyzed to retrieve land use types.

2. Study Area and Data Sources

2.1. Study Area. Beijing, the capital of the People’s Repub-
lic of China, extends approximately 1∘37 latitudinally

(39∘26–41∘03N) and 2∘05 longitudinally (115∘25–117∘30E).
It covers fourteen districts and two counties, and the total
area is approximately 16410 km2 [35] (Figure 1). The city has
a subhumid warm temperate continental monsoon climate
and four distinct seasons, with a cold and windy winter,
and a hot and humid summer. Beijing has experienced the
rapid urbanization process. The permanent population was
10.75 million in 1989 and reached up to 19.62 million in 2010.
In a similar way, Gross Domestic Product (GDP) increased
from 45.6 billion to 1411.3 billion with approximate 30 times
increase during 1989–2010 [35]. Recently, environmental
problems (e.g., UHI, sand and dust storms, and pollution
haze) resulting from rapid population and economic growth
have negatively affected the quality and comfort of urban
living [36].

Environmental problems, especially UHI in Beijing, have
drawn international attention. Zhang et al. [37] reported
that the average UHI was approximately 4–6∘C when using
a suburban area in the northwestern region as the rural
baseline and 8–10∘C when using the outer suburban area in
the same region.Warmer temperatures even delay the timing
of fall foliage vacation [38]. With the diversified and rapid
development of the economy and urban society, urban sprawl
in Beijing will likely expand and the UHI effect will become
more severe [29].

2.2. Data Sources. The land use datasets were provided by
the Institute of Geographical Sciences and Natural Resources
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Research, Chinese Academy of Sciences. The study collected
three periods of land use datasets, that is, 1989, 2000, and
2010. To retrieve the land cover types, Landsat TM images
were chosen and radiantly corrected. The visual interpreta-
tion was conducted on the false color composites (R/G/B =
Band 5/4/3) of TM/ETM+ images. There were six aggregated
classes of land use: cropland, forest, grassland, water bodies,
built-up land, and bare land. These classes were further
divided into 25 land use classes. The built-up land contains
urban land, rural residential land, and industrial and mining
sites. The average interpretation accuracies were 92.9% for
land use and 97.6% for the detection of changes in land cover.
For cropland, the accuracy was 94.9%. The built-up area
had the highest accuracy of 96.3%. For forest and grassland,
the accuracies were 90.1% and 88.1%, respectively [39]. In
addition, three high-quality (cloud-free) TM/ETM images on
14 August, 1989, 10 August, 2000, and 8 August, 2010 were
applied to retrieve LST, respectively.

3. Methods

3.1. The Measures of Urban Form

3.1.1. Urban Form Measurement Indices. The compactness
ratio of urban outer contour is an important concept reflect-
ing the urban form [27, 40–42], and it is computed as follows:

BCI = 2
√𝜋𝐴

𝑃
, (1)

where BCI is the compactness ratio of urban land, 𝐴 is the
area of urban land, and 𝑃 is the perimeter of urban contour.
BCI ranges from 0 to 1; a higher value indicates a more
compacted shape and a value closer to 1 indicates that the
shape is closer to a circle, and vice versa. A circle is the most
compact shape, and thus the compactness ratio of a long and
narrow shape is far smaller than 1.

In general, if urban land expansion changes in the infilling
way, the concavity of urban edges will decrease because the
urban internal gaps are gradually filled up, and as a result,
the urban outer contour form tends to be more compact.
If the urban land expansion changes in the edge-expansion
way, the urban form tends to be incompact. However, the
debate over whether a compact urban form is best for urban
thermal environment had lasted for a long history [43, 44].
The heat sources in low-density spreading urban area are
relatively dispersed, but the increased fuel consumption by
vehicles produces more anthropogenic heat. However, the
newly large-area buildings will occupy more green land,
increasing the area of impervious surface and enhancingUHI
effect.

3.1.2. Urban Land Expansion Measurement Indices. Themost
common method to describe the heterogeneous of urban
land expansion is to comparatively analyze the differences of
urban expanding speeds at different directions (Figure 1).The
method visually and concisely sketches the spatial form of
urban expansion and discriminates the spatial heterogeneous
in different zones. In this paper, we designed a 30 km buffer

around the city center, which could cover all urban built-
up land. We also studied the urban spatial heterogeneous by
dividing the buffer zones into eight quadrants.

The speed and intensity of urban land expansion can be
used to analyze and describe the land expansion status at
all directions in the urban built-up land and to compare the
extending intensity, speeds, and trends of urban land in all
study areas at different periods [45, 46]. The two indices are
expressed as

𝑀ue =
Δ𝑈
𝑖𝑗

Δ𝑡
𝑗
× ULA

𝑖𝑗

× 100%

𝐼ue =
Δ𝑈
𝑖𝑗

Δ𝑡
𝑗
× TLA

𝑖𝑗

× 100%,

(2)

where𝑀ue is the expanding speed index, 𝐼ue is the expanding
intensity index, Δ𝑈

𝑖𝑗
is the expansion area of urban land in

study area i (e.g., a zone at certain direction) at period j, Δ𝑡
𝑗

is the time span, ULA
𝑖𝑗
is the total area of urban land in study

area 𝑖 at early period j, and TLA
𝑖𝑗
is the total area of urban

land in study area i.
The expanding speed indicates the annual growing rate

of urban land at different stages during a whole study
period and represents the overall trend of different types of
urban land expansion at all stages. The expanding intensity
index essentially is used to standardize the annual average
expanding speeds of all spatial units, and thus the expanding
speeds at different periods can be compared [47].

The centre of gravity is an important indicator describing
the spatial distribution transition of a geographic subject
[48, 49]. Center of gravity reflects the spatial orientation of
a spatial element and the overall heterogeneous and “high-
density” parts of a type of land use, and its dynamic transition
reflects the overall transfer trajectory of the distribution of
spatial elements. The gravity center of urban land is an
important spatial index related to urban development and
has high applicable value in urban development decision-
making.

For multiple geographical objects, the coordinates of
gravity center can be computed as follows:

𝑋
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∑
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𝑖
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,

(3)

where𝑋
𝑡
and 𝑌

𝑡
are the gravity centers of urban land at time

t, 𝑋
𝑖
and 𝑌

𝑖
are the coordinates of geometric center of urban

land in block I, and 𝐶
𝑡𝑖
is the area of block i.

We further put forward two variables: gravity center
transfer distance (L) and gravity center transfer angle (𝛼).The
transfer distance reflects the homogeneous degree of urban
land between different periods, and the transfer direction
indicates the “high- density” parts of urban land [48, 49]:

𝐿
𝑡+1
= √(𝑥

𝑡+1
− 𝑥
𝑡
)
2

+ (𝑦
𝑡+1
− 𝑦
𝑡
)
2

, (4)
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where𝐿
𝑡+1

is the gravity center transfer distance of urban land
from period 𝑡 to period t+1:
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where 𝛼
𝑡+1

is the angle between the transfer direction and the
east direction from period 𝑡 to period t + 1.

3.2. The Spatiotemporal Pattern of LST

3.2.1.TheRetrieval of Brightness Temperature from the Landsat
5 TM Images. Chen et al. [50] proposed a two-step method
to derive brightness temperature. First, the digital numbers
(DNs) of band 6 are converted to radiation luminance (𝑅TM6,
m ⋅W ⋅ cm−2 ⋅ sr−1) as follows:

𝑅TM6 =
𝑉

255
(𝑅max − 𝑅min) + 𝑅min, (6)

where 𝑉 is the DN of band 6, and 𝑅max = 1.896 m ⋅W ⋅ cm−2 ⋅
sr−1, 𝑅min = 0.1534 m ⋅W ⋅ cm−2 ⋅ sr−1.

Then radiation luminance is converted to at-satellite
brightness temperature in Kelvin, T(K), as follows:

𝑇 =
𝐾1

ln (𝐾2/ (𝑅TM6/𝑏) + 1)
, (7)

where 𝐾1 = 1260.56K and 𝐾2 = 60.766 (m ⋅ W ⋅ cm−2 ⋅
sr−1), which are prelaunch calibration constant, and b is the
effective spectral range, when the sensor’s response is much
more than 50%, b = 1.239 (𝜇m).

3.2.2. Retrieval of Brightness Temperature from Landsat 7
ETM+ Images. Landsat 7 ETM products were utilized for
retrieving temperature in 2000 according to the User’s Hand-
book. It is also simplified to two steps as follows.

First, the DNs of band 6 were converted to radiance as
follows:

𝑅TM6 =
𝐿max − 𝐿min

𝑄cal max − 𝑄cal min
× (𝑄cal − 𝑄cal min) + 𝐿min, (8)

where the gain and offset can be obtained from the header file,
𝑄cal min = 1,𝑄cal max = 255,𝑄cal = DN, and 𝐿max and 𝐿min (also
given in the header file) are the spectral radiances for band 6
at DNs 1 and 255 (i.e., 𝑄cal min and 𝑄cal max), respectively.

Then the effective at-satellite temperature of the viewed
Earth-atmosphere system under the assumption of uniform
emissivity could be obtained from the above spectral radiance
as follows:

𝑇 =
𝐾2

ln (𝐾1/𝑅TM6 + 1)
, (9)

where 𝑇 is the effective at-satellite brightness temperature in
Kelvin, 𝐾1= 666.09 (m ⋅W ⋅ cm−2 ⋅ sr−1) and 𝐾2 = 1282.71 K
are calibration constants, and 𝑅TM6 is the spectral radiance in
m ⋅W ⋅ cm−2 ⋅ sr−1.

3.2.3. Retrieval of LST. The calculated radiant temperatures
were corrected for emissivity by using the normalized dif-
ferential vegetation index (NDVI). The study thresholds the
NDVI images into two general vegetation and nonvegetation
classes, and assigning emissivity values of 0.95 and 0.92 to
them, respectively, produced emissivity images for each data
[51]. Then, LST was calculated as below [33, 52–57]:

𝑇
𝑠
=

𝑇

1 + (𝜆𝑇/𝜌) ln 𝜀
, (10)

where 𝜆 = wavelength of radiance = 11.5𝜇m, 𝜌 = ℎ𝑐/𝛿 =
1.438 × 10−2 mK (h = Planck’s constant = 6.626 × 10−24 Js,
c = velocity of light = 2.998 × 108m/s, and 𝛿 = Boltzmann
constant = 1.38 × 10−23 J/k). Because of the importance of
vegetation as a temperature controlling factor, the emissivity
correction resulted in significant differentiation of classes
and increased spatial detail comparable to those of reflective
bands. Finally, the images were converted to Celsius.

3.2.4.The Calculation of UrbanHeat Island Ratio Index (URI).
In this paper, we aimed to study the spatiotemporal variation
of UHI by using LST data inverted from remote sensing (RS)
images at different periods.Then based on bright temperature
normalization, we introduced URI to quantify UHI [28, 46].

UHI study focuses on the spatial relative intensity of
LST. Conditions in surrounding rural areas also affect the
magnitude of an UHI [58]. For example, Streutker [32] found
that UHI intensity was inversely correlated with rural LST.
RS images obtained from different periods only change the
values of LST, rather than changing the spatial distribution of
LSTs.Therefore, LSTs were normalized to compare the spatial
distributions of LSTs at the three periods, and thereby the
spatiotemporal pattern variations of UHI in Beijing between
1989 and 2010 were studied.

First, LSTs at different periods were normalized to be
between 0 and 1:

𝑇
𝑛𝑖
=

𝑇
𝑠𝑖
− 𝑇
𝑠min

𝑇
𝑠max − 𝑇𝑠min

, (11)

where 𝑇
𝑛𝑖
is the normalized value of pixel 𝑖; 𝑇

𝑠𝑖
is the LST of

pixel 𝑖;𝑇
𝑠max is themaximum LST in Beijing; and𝑇

𝑠min is the
minimum LST.

Then the normalized LSTs were classified by a density
segmentation method into five thermodynamic levels: low,
submedium, medium, subhigh, and high. Thereby, the dis-
tribution of LST levels in Beijing was characterized, and the
area of each level could be calculated according to Table 1.

Finally, URI was introduced to quantify the contribution
rate of urban land to UHI [28, 46]:

URI = 1

100𝑚

𝑛

∑
𝑖=1

𝑤
𝑖
𝑝
𝑖
, (12)
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Table 1:The thresholds of different thermodynamic levels (unit: ∘C).

Level 1989 2000 2010
Low 21–23.46 21–22.33 21–23.82
Submedium 23.46–24.75 22.33–23.35 23.82–25.85
Medium 24.75–25.60 23.35–24.87 25.85–27.10
Subhigh 25.60–26.87 24.87–26.85 27.10–28.91
High 26.87–30 26.85–31 28.91–32

where 𝑚 is number of normalized temperature levels; i is
the level value of temperatures higher than rural areas; n
is number of higher temperature levels mainly occurring in
urban areas; 𝑤 denotes weighted value using the value of
correspond level i; and p is the area percentage of level 𝑖.
Essentially, URI is obtained by computing the ratio of UHI
area to urban land with the consideration of weighted values
of each temperature level. It reflects the development degree
of UHI in built-up land. A larger URI indicates more severe
UHI effect.

4. Results

4.1. The Spatiotemporal Pattern of Urban Form. Urban land
expansion is a basic characteristic of urban form evolution.
The urban land increased by 775.82 km2 at a rate of 184.31%
between 1989 and 2010 (Table 2). Specifically, the urban
land increased by 469.32 km2 during 1989–2000 and by
306.50 km2 during 2000–2010, respectively. The expanding
intensity of urban land (𝐼ue) decreased from 1.51 during
1989–2000 to 1.08 during 2000–2010, indicating the slow-
down of expanding speed. Regarding urban form, the urban
land was distributed like an “E-W” axis in 1989. The urban
land in north of the axis was highly compacted, indicating
high clustering degree; the urban land in south of the axis was
less compacted, indicating scattered distribution. From 1989
to 2010, the newly urban land sprawled north- and south-
wards along the axis, and thus the compactness ratio of urban
land slightly decreased, showing an overall edge-expansion
mode (Figures 2 and 3).

In 1989, the urban lands were concentrated in southwest
and west, for example, Xicheng, Fengtai, and Shijingshan
Districts, accounting for 41.38% of total built-up land in the
study area. The area of urban land in northeast zone was
70.17 km2. The urban land in the three zones expanded in
an infilling way, and compactness index (BCIs) all increased
during 1989–2000. Especially, BCI increased from 0.17 to 0.25
in the southwest zone, which was attributed to the large area
of newly urban land in Fengtai District and the continuous
infilling expansion of urban land in Xicheng, Haidian, and
Shijingshan districts. BCIs in other zones slightly decreased
during the same period. These results indicated that the
newly urban land were spreading outward, and especially
in the south and northwest zones, the expanding intensity
(𝐼ue) reached 2.17 and 1.84, respectively. However the BCIs
did not change obviously. Urban land in southeast zone also
expanded apparently, and the expanding intensity reached
1.63, but BCI dropped in the same zone. The expanding
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Figure 3: Urban land expanding intensity.

speed and the compactness ratio of urban land slightly
decreased during 2000–2010, and the urban land was more
decentralized. The urban expansion still was apparent in the
south, northwest, and southeast zones. Especially, the area of
urban land was 185.48 km2, a 4-fold increase more than 1989
in Fengtai and Daxing Districts.
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Table 2: The characteristics of urban land expansion in Beijing during 1989–2010 (unit: area-km2).

Zone 1989 2000 2010 1989–2000 2000–2010
Area BCI Area BCI Area BCI 𝑀ue 𝐼ue 𝑀ue 𝐼ue

N 27.25 0.57 71.98 0.27 109.93 0.17 14.92 1.14 5.27 1.06
NE 70.17 0.24 120.25 0.29 149.50 0.26 6.49 1.30 2.43 0.84
E 30.82 0.31 93.53 0.21 141.87 0.19 18.50 1.63 5.17 1.38
SE 23.84 0.41 72.19 0.37 103.09 0.33 18.44 1.23 4.28 0.87
S 36.07 0.19 121.20 0.19 185.48 0.14 21.45 2.17 5.30 1.80
SW 102.03 0.17 159.00 0.25 186.34 0.22 5.08 1.48 1.72 0.78
W 72.13 0.19 121.35 0.22 138.86 0.17 6.20 1.28 1.44 0.50
NW 58.60 0.28 130.75 0.26 181.67 0.20 11.19 1.84 3.89 1.43
Built up area 420.93 0.11 890.25 0.11 1196.75 0.09 10.14 1.51 3.44 1.08

Table 3: The LST and URI of urban land in Beijing between 1989 and 2010.

Zone 1989 2000 2010
LST (∘C) URI LST (∘C) URI LST (∘C) URI

N 26.73 0.06 27.47 0.18 27.83 0.23
NE 26.45 0.16 27.22 0.30 27.83 0.32
E 27.32 0.08 27.37 0.23 28.46 0.31
SE 27.57 0.06 27.71 0.18 28.43 0.23
S 27.56 0.09 27.41 0.30 28.35 0.41
SW 26.85 0.25 27.70 0.41 28.54 0.44
W 26.12 0.15 27.44 0.31 27.99 0.31
NW 26.85 0.14 27.10 0.31 27.87 0.38
Beijing 26.78 0.12 27.39 0.27 28.26 0.30

4.2. The Spatiotemporal Pattern of LST. The LSTs in Bei-
jing between 1989 and 2010 were quantitatively retrieved
from TM/ETM data, and their spatiotemporal patterns were
further analyzed (Figure 4). In general, the LSTs and URIs
of urban land increased from 1989 to 2010, heat island
areas expanded, and the UHI intensity resulting from urban
expansion obviously increased (Table 3). LSTs in urban land
were higher in south than in north in 1989, mainly because
there were more industrial lands in the south of Beijing.
However, the spatial distribution became less obvious along
with urban expansion during 1989–2000, because some large-
scale energy-intensive factories were completely moved out
and the released industrial heat sources were reduced.

UHIs in 1989 distributed like an “NE-SW” spindle, as URI
in the southwest zonewhereURI reached up to 0.25was obvi-
ously higher than in other zones (Figure 5), because large-
scale energy-intensive enterprises including Shoudu Iron and
Steel Company and some thermal power plants were located
in Shijingshan district. They discharged abundant heat to
cause elevated temperature in atmosphere and land surface.
URIwas also high in the northeast zone (URI = 0.16) andUHI
effect was more severe than the adjacent zones, which mainly
were associatedwith the BeijingCapital International Airport
in Shunyi district. URIs increased largely and heat island
area expanded obviously between 1989 and 2000. However
UHIs were still distributed like an “NE-SW” spindle in the
southwest and northeast zones. URIs increased significantly
and raised above 0.3 in the west, south, and northwest zones.

Especially the increase of URI was most obvious in the south
zone, which was associated with the highest urban expanding
intensity. The urban-rural transition belt of the main urban
area to Tongzhou/Fangshan districts has clearly manifested
UHI characteristics.

URIs in all zones further increased and UHI was more
severe in Beijing between 2000 and 2010. URI was still
highest in the southwest zone (URI = 0.44), followed by the
south zone (URI = 0.41). Noticeably, URI in the northwest
zone increased rapidly to 0.38, because of the tremendous
expansion of urban land. A mountain of high-tech industry
areas and large-scale residential areas emerged and gradually
became new heat island centers, such as Zhongguancun,
Shangdi, and Sijiqing residential areas. These high-density
buildings and dense population were the main reasons of
high LSTs. In addition, the east zone gradually connected
and jointly developed with the residential areas in Yanjiao
of Hebei province, and the population boom, traffic land
extension, and increased vehicle flow together resulted in
constantly increasing URI.

4.3. The Impact of the Urban Form on Urban Heat Island.
In this study, we compared urban land and URIs in the
eight zones at three periods. The results showed that the
two indices were in high correlation (R2 = 0.971), indicating
that the occurrence of UHI effect was likely attributed to the
rapid transition from suburban land to urban land (Figure 6).
Large-area buildings encroached on more green land, as the
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Figure 4: Spatiotemporal distributions of LST in Beijing.

increase of impervious surface, declines in thermal inertia,
and the vegetation index constrain evaporation, consequently
reducing the loss of heat by latent heat flux and enhancing
UHI effect.

In addition, at the same urban scale, a more compacted
urban form indicated more severe UHI. In 1989, the urban

lands were nearly identical size (70.17 versus 72.13 km2) in the
northeast and west zones of Beijing. However, the BCI was
obviously higher in the northeast zone, therefore there was a
higher URI, indicating stronger UHI effect in the northeast
zone than in the west zone of Beijing. Similarly, the southeast
and north zones were equally large (103.09 versus 109.93 km2)
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Figure 6: The relationship between urban land area and URI.

in 2010; however the urban form was more compacted in
the southeast zone, the BCI (0.33 versus 0.17) and thus URI
was higher, indicating stronger UHI effect in the southeast
zone than in the north zone. Obviously, higher urban density
and surface roughness would weaken the urban-rural air
ventilation, blocking the urban internal heat diffusion and
increasing the temperature differences between urban area
and rural area.

Then the effects of urban land on UHI effect were further
analyzed from the aspect of spatial distribution (Figure 7).
The gravity centers of urban land generally shifted nearly
the edges in all zones between 1989 and 2000, and the
gravity center transfer distance was longer during 1989–2000
than during 2000–2010 (Table 4). Gravity center transfer

Center of UHI
1989

2000

2010

Center of urban land
1989

2000

2010

The trajectory

The trajectory

N

of center of UHI

of center of urban land

0 5 10
(km)

Figure 7: Gravity center transfer orbits of urban land and UHI.

in the south zone was more obvious, followed by the east
zone, because Fengtai and Daxing Districts in the south
zone and Chaoyang District in the east zone experienced
the most intense urban land expansion. In the northeast,
southwest, and west zones, however, the center transfer
distances were shorter between 1989 and 2000 comparedwith
other zones,mainly because the newly urban land in the three
zones expanded in an infilling way and thus compactness
ratio increased. These results indicated that the expanding
intensity and pattern of urban land would largely affect the
urban gravity center transfer.

The LSTs in urban landweremainly divided into high and
subhigh thermodynamic levels; therefore the two levels were
considered as UHI in this paper. The spatial distributions of
UHI gravity centers showed that the UHI gravity center was
farther away from the city center compared with the gravity
center of urban land in the same zone (Figure 7), indicating
that the affected area of UHI was greater than urban land.
From the aspect of spatial transfer, the gravity centers of UHI
and urban land transferred basically in a consistent way and
indicated high correlation. Especially in the south zonewhere
urban edge-expansion was more obvious, the gravity centers
of UHI and urban land transferred more similarly. However,
in the southwest and northeast zones where newly urban land
expanded in an infilling way, the gravity center of UHI also
transferred irregularly. The encroachment of urban land on
the suburb land and a sequence of human activities (e.g.,
population concentration, increased travel frequency and
prolonged trips distance, and industrial restructuring) then
resulted in fundamental changes of thermal radiation, heat
storage, and heat transfer modes. Therefore, urbanization
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Table 4: Gravity center transfer distances and angles of urban land and UHI in 1989–2010 in Beijing.

Zones
1989–2000 2000–2010

Urban land UHI Urban land UHI
Distance Angle Distance Angle Distance Angle Distance Angle

N 3712.84 72.25 2398.79 74.45 3589.19 71.21 2750.61 18.07
NE 1365.69 61.48 1998.14 163.51 1194.50 61.22 1719.09 67.13
E 4276.40 331.52 480.08 337.33 2361.49 336.04 1483.85 296.58
SE 3731.79 294.68 309.74 328.47 1839.50 300.80 3887.52 276.94
S 7791.64 259.82 2753.14 252.52 2998.27 234.34 2661.15 234.30
SW 773.61 254.10 660.58 331.22 1699.14 198.00 1974.41 271.16
W 1368.30 169.64 4358.77 172.06 1499.32 159.14 1679.55 159.58
NW 3425.77 100.07 1589.25 114.34 2329.85 95.27 693.19 108.85

was the most direct and fundamental driving force of the
extension of UHI area.

5. Conclusion

This study explored the relationship between urban form and
UHI through GIS spatial analysis. With the superior spatial
resolution of the long time sequenced TM/ETM images,
the mechanisms involved in generating UHI resulting from
urban form could be recognized.

The urban land increased by 775.82 km2 at a rate of
184.31% in Beijing during 1989–2010. The urban land dis-
tributed like an “E-W” axis in 1989. Urban sprawled in a
north-south ward direction in an edge-expansion way in
the following two decades, reducing the compactness ratio
of urban land. Specifically, the expanding speed index and
the expanding intensity slowed down in 2000–2010 than in
1989–2000. The UHIs distributed like an “NE-SW” spindle
in Beijing, and the LSTs were obviously higher in the south
zone than in the north zone. The LSTs and URIs of urban
land in Beijing increased between 1989 and 2010, heat island
areas expanded, and theUHI resulting from urban expansion
increased obviously.

URI was in high correlation with the urban land area.
But at certain urban scale, a more compacted urban form
indicated more distinct UHI effect. The gravity centers of
UHI and urban land transferred in a basically consistent way.
The UHI effect was attributed to the rapid transition from
suburban land to urban land. Expansion of urban land also
generated larger UHI area than urban area.

The above discoveries about urban form could be very
helpful to alleviate urban thermal environment. Urban plan-
ning aims at steering land use changes in urban region
by assigning new areas for commercial development and
residential land and recovering vegetation. The land use
changes will inevitably reshape urban form, which in turn
alter urban thermal environment. Therefore, an assessment
of urban planning policies with regard to effects on urban
climate regulation is useful to further integrate them into
spatial planning.

Although the paper explored the impact of urban form
on UHI, several topics require further investigations. First,
the contributions of water bodies and green land inside

the city to the regional LST were not apparent. Increasing
greening measures may mitigate UHI effect under the same
urban form. Second, the effects of human activities on the
urban thermal environment should be investigated to further
understand the contributions of urban form to the urban
thermal environment.
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