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Abstract: The thermal-environment effect exists in the field of rapid urbanization. It has adverse effects on the urban atmosphere, re-
gional climate, energy consumption, and public health. Shenzhen, a representative of rapidly urbanizing cities in China, was selected as
a case for pattern dynamics analysis of the thermal environment. The surface temperature was acquired from the thermal infrared data of
Landsat TM and ETM+ images in 1986, 1995, and 2005 by Jiménez-Mufioz and Sobrino’s generalized single-channel method, which
was used in assessing the distribution and spatial patterns of the thermal environment. The relative thermal environment curve (RTC)
was combined with Moran's I analysis to assess the pattern dynamics of the thermal environment in different urbanization periods. Moran's
I index and the RTC represent a process of aggregation-fragmentation-aggregation, which shows the aggregation pattern of a decrease
during the rapid urbanization period and then an increase during the steady urbanization period. High-temperature areas gradually ex-
panded to a uniform and scattered distribution in the rapid urbanization period; while the high thermal-environment effect was gradually
transformed into a steady spatial pattern in the stable urbanization period. To characterize the increasing development in this multiple-
center city, we chose profiles along an urban-development axis. The results suggest that heat islands have expanded from internal urban
to external urban areas. Four profiles were obtained showing differences in shape due to spatial differences in the process of development.
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ment effect for assessing all of the thermal characteris-
tics of a city. The thermal environment effect, a typical

1 Introduction

The environmental problems resulting from rapid ur-
banization will affect more than half of the world's
population (Demographia, 2010; Imhoff ez al., 2010).
Urban climate change is one of the important environ-
mental problems caused by urbanization. Howard (1833)
proposed the concept of the urban heat island (UHI) to
describe the phenomenon of high temperature of urban
centers accompanying the urbanization process. In areas
of rapid urbanization, temperature is distributed as an
urban heat 'archipelago’ instead of a 'island’ because of
landscape fragmentation (Buyantuyev and Wu, 2010).
Therefore, we use the concept of the thermal-environ-
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environmental effect, is the temperature response to
human activities in certain urban areas.

The spatial pattern of the thermal environment is an
indicator of urban ecosystems influenced by urbaniza-
tion, and it is also an activator of other environmental
problems in urban regions. The pattern of the thermal
environment also affects regional climate (Grimm et al.,
2008), energy consumption (Coudert et al., 2008), pub-
lic health and the urban atmosphere. A temperature in-
crease contributes to regional climate changes with the
rapid expansion of urban heat islands (Roth ef al., 1989;
Saaroni et al., 2000). High temperatures cause lower
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atmospheric pressures in urban areas than in rural areas,
resulting in polluted air reflux to urban areas (Voogt and
Oke, 2003; Yuan and Bauer, 2007). The probability of
prevalent diseases, respiratory illnesses, and cardiovas-
cular mortalities increases with temperature rises in ur-
ban areas (Patz et al., 2005). The most serious conse-
quence is that the expansion of areas with high tem-
perature and a resulting increase of energy consumption
cause a spiraling problem. For example, high tempera-
ture leads to widespread use of air conditioners to re-
duce the indoor temperature (Rosenfeld er al., 1995;
Weng and Yang, 2004; Chang et al., 2007). An increase
of 1°C in summer temperature may result in a 6% rise in
electricity consumption due to air conditioning (Chang
et al., 2007).

Surface temperature measurements by remote sensing
are appropriate for the study of the pattern dynamics of
thermal-environment effects because they have a higher
spatial resolution than in situ air temperature (Voogt,
2002; Imhoff et al., 2010). Especially in the heteroge-
neous urban landscape, surface temperatures derived
from remote sensing data are more sensitive to surface
characteristics (Voogt and Oke, 2003; Nichol and Wong,
2005). Pattern dynamics analysis based on remote sens-
ing includes temperature gradients and dynamics in both
spatial and temporal dimensions.

Temperature gradient patterns from urban center to
rural areas are good examples for depicting the spatial
variation of the urban thermal environment. Following
the research approach used in urban climatology, the
regular approach to describing gradient patterns of the
thermal environment across urban area should be profile
analysis (Carlson et al., 1994; Yue and Xu, 2008). In
previous studies, the direction of profiles was from ur-
ban center to eight points of the compass (Streutker,
2002; Weng, 2003; Zhang et al., 2006). However, mul-
tiple urban centers have been formed instead of a single
center in group-development cities. Fragmented landscapes
make heat spots as multiple-island, archipelago distribu-
tions in such cities (Buyantuyev and Wu, 2010). Profiles
from urban center to suburb can not represent urban de-
velopment gradients of multiple-center cities. Instead, an
urban-development axis was applied for selecting pro-
files in multiple-center cities. By comparing the shape
and structure of surface temperature profiles, the peak
and valley can be found, and the differences between the
urban area and the suburban area can be derived.

The pattern dynamics of the thermal environment can

be evaluated by landscape metrics. The results show that
the thermal environment acquires an uneven distribution,
a fragmentation pattern, and a complex texture with ur-
ban expansion (Chen et al., 2002; Weng, 2003). Before
the landscape-metrics calculations, thermal environ-
ments are classified by temperature degree or land-use
types. Subjective classification and descriptions have a
significant influence on landscape metrics (Peng ef al.,
2007). To avoid the influence of subjective classification
on landscape metrics, a geo-statistics method for con-
tinuous data is suitable for assessing spatial-pattern dy-
namics of the thermal environment. A Gaussian surface
and non-parametric model have taken a regional per-
spective on the thermal environment deriving from the
magnitude and the location of urban heat islands
(Streutker, 2003; Rajasekar and Weng, 2009). However,
they are generalizations and up-scaled methods for de-
scribing spatial patterns of the thermal environment that
cause information loss.

Shenzhen, the first special economic zone in China,
which has experienced rapid urban expansion and
steady development since 1986 (Wang, 2003), is taken
as the case study area. The urbanization process leads to
concentration of population and economic activity.
From a geographic perspective, the aggregation of eco-
nomic activities is followed by spatial expansion of ur-
ban areas. At the same time, spatial expansion causes
fragmentation in the urban landscape (Grimm et al.,
2008). Derived from the aggregation process of human
activities and landscape fragmentation, the spatial pat-
terns of the thermal environment vary in different ur-
banization periods. Our interest is in the pattern dynam-
ics of the thermal-environment effect during different
urbanization periods. In this study, to avoid subjectivity
and information loss, we develop a method of spatial
pattern analysis involving temperature values in every
pixel. This approach is used to describe spatial and
temporal patterns of the thermal environment based on a
geo-statistics method. We use thermal dynamics curves
combined with spatial autocorrelation analysis to char-
acterize the pattern dynamics of the thermal environ-
ment under the influence of human activity aggregation
and urban sprawl in different urbanization periods.

2 Materials and Methods

2.1 Study area and data sources
Shenzhen is located on the Zhujiang (Pearl) River Delta
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in the southeastern China. It has an area of 195 284 ha
and includes Futian District, Luohu District, Nanshan
District, Yantian District, Bao'an District, and Longgang
District (Fig. 1). Shenzhen City has a southern sub-
tropical monsoon climate, a mean annual temperature of
22.4°C, and a mean annual rainfall of 1948 mm.

As economy development has proceeded rapidly,
Shenzhen has changed from a traditional agricultural
region to a rapidly-developing urban region and has ex-
perienced rapid urbanization over the past two decades.
As shown in previous studies, approximately 39.3% of
the total land area was urban in 2005, an increase from
only 3.06% in 1986 (Li et al., 2005).

Urbanization in Shenzhen has passed through three
phases. It was initiated from 1978 to 1986, which was
the primary stage of urbanization. In the second period,
1986-1995, the development of urbanization became
very rapid. From 1995 to the present, the tempo of ur-
banization has slowed down, and density increase in
urban areas has become the main result of urbanization
rather than spatial expansion (Wang, 2003). To better
analyze the spatial dynamics of urbanization in different
periods, we chose 1986, 1995, and 2005 as the study
period. The data source for the study was Landsat TM
images acquired in the winters of 1986, 1995, and 2005
(path 121/row 44 and path 122/row 44). All images were
acquired in winter under sunny and windless weather
conditions, providing a steady atmospheric condition
favorable for thermal-environment studies.

2.2 Surface temperature retrieval

According to the climate characteristics and availability
of parameters in the study area, we selected the general-
ized single-channel method developed by Jiménez-

Muiioz and Sobrino (2003) for surface temperature re-
trieval. This method requires the total water vapor as the
parameter (Jiménez-mufioz and Sobrino, 2006).

The first step was to calculate the brightness tempera-
ture T;, transferred from digital number (DN) data using
the following formula based on Plank’s function of ra-
diation (Schott and Volchok, 1985; Wukelic et al.,
1989):

L, = GAINS x DN + BIASES (1)
- — @
In(—L +1)
Lﬂ,

where L; is the at-sensor radiance calculated by DN; DN
is the digital number of the infrared thermal band of
Landsat TM 5; GAINS and BLASES values are derived
from the head files of the images; K; and K are calibra-
tion constants. K; = 607.66 W/(m2~sr-pm), and K, =
1260.56 K. The unit of 7, is Kelvin (K).

Surface temperature (75) is retrieved by the general-
ized single-channel method using parameters including
at-sensor radiance L;, brightness temperature 7}, radia-
tion wavelength (11.457 um for TIR data) and the emis-
sivity (Jiménez-Muioz and Sobrino, 2003). The emis-
sivity can be calculated by the NDVI method (Valor and
Caselles, 1996; Jiménez-mufioz and Sobrino, 2006). The
parameters in the generalized single-channel method are
calculated using the functions for total atmospheric wa-
ter vapor content derived from in situ meteorological
data (Jiménez-Mufioz and Sobrino, 2003; Jiménez-muioz
and Sobrino, 2006; Li et al., 2010).

Splicing of the two images in each year was imple-
mented by following the normalization of temperature
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Fig. 1  Location and districts of Shenzhen
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differences in overlap areas of the two images. All im-
ages were geometrically rectified to the local coordinate
system of Shenzhen with a pixel error by 50 ground
control points, which were symmetrically distributed
across the image. The regression of surface temperature
and in situ 0-cm soil temperature measurements indi-
cates that surface temperature values are consistent with
in situ surface temperature, with R* greater than 0.95. In
addition, Jiménez-mufoz and Sobrino (2006) reported
that the error of this method came from the error of wa-
ter vapor, with average error between 0.3 K and 0.8 K.
Using the evaluation method proposed by Qin et al.
(2003), based on water vapor, the systematical error is
0.6 K.

2.3  Spatial autocorrelation analysis and relative
thermal environment curves

Spatial autocorrelation is considered to be the first law
in geography (Tobler, 1970), which means that the in-
fluencing function between two nearby phenomena is
larger than that between two distant objects (Wang,
20006). It is suitable for spatial analysis of continuous
data such as temperature, elevation, soil moisture. Spa-
tial autocorrelation indices include Moran’s I index,
Geary's C index, and the Getis index (Moran, 1948;
Geary, 1954; Getis and Ord, 1992). Moran's I index was
chosen for the spatial autocorrelation analysis of surface
temperature to assess spatial patterns of the thermal
environment in each year of the study. Moran's I value
is between —1 and 1. The more aggregation exists in the
spatial pattern, the larger Moran's 1 value is. When
Moran'’s I is lower than 0, it means a negative correla-
tion in the spatial patterns. When there is no spatial
correlation, the Moran’s I value is 0. When the value is
larger than 0, the autocorrelation is positive.

The degree of spatial autocorrelation is used to char-
acterize the aggregation pattern of high-temperature
zones (Song et al., 2007), while it does not illustrate the
temperature value with an aggregation pattern. For
solving the problems, we analyzed the spatial dynamics
of the thermal environment by a modified method based
on the relative altitude curve (RAC). The RAC is an
accumulative area curve that can describe the spatial
aggregative pattern of altitude (Zhang and Yang, 1991).
Relative altitude can be calculated as (h-b) / (H-b),
where % is the elevation of a certain pixel; b is the
minimum elevation in the watershed; and H is the

maximum elevation in the watershed. When the value
ranges of the vertical axis are the same between water-
sheds, it is better for comparison. The horizontal axis is
the cumulative-percentage area above the corresponding
vertical value. By the statistics of the cumulative-per-
centage area above certain evaluation values, the RAC
can be formed. The shape of the RAC indicates different
landform situations, so it supplies the reference for
quantitative analysis by the Davis landform theory. If
the curve is similar to a straight line, it indicates that the
landform in the watershed is closer to the erosion basis
(Zhang and Yang, 1991).

Proceeding from the analysis approach of the RAC,
we now define the relative thermal environment index
(RT) by Equation (3), which represents the location of a
certain pixel on a temperature array.

RT = (Tz_ Tmin) / (Tmax_ Tmin) (3)

where T; is the temperature value of pixel [; Ty is the
maximum temperature of the whole study area; and 7iy,
is the minimum temperature. If RT is 1, it means the
surface temperature of this pixel is on the greatest level
in the study area. If RT is 0, it is on the lowest level. The
first step is to use the Visual Basic editor in ArcGIS 9.2
to read the surface-temperature value of each pixel and
to calculate RT. The second step is to count the numbers
of every RT value. The third step is descendant sorting
of the RT values of every pixel and calculation of the
cumulative-percentage area of every value. Finally, the
relative thermal environment curves (RTCs) can be
drawn by scatters of RT values and cumulative-per-
centage-area values. Curve shape suggests the aggrega-
tion degree of the thermal environment. The larger the
curvature, the greater the aggregative pattern of the ther-
mal environment. The distance between curves and the
X-axis determines the level at which the thermal-environ-
ment aggregation occurs. When the distance is small, ag-
gregation appears on the level of high surface temperature.

2.4 Distribution index of relative thermal environ-
ment
We now introduce the distribution index (DI) to charac-
terize the effect of each district on the thermal environ-
ment. The DI represents the contribution of each district
to the overall thermal-environment effects:

S. /S,

DI:S—” - (4)

1
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where §j; is the area with RT greater than 50% in district
7; S; is the area with RT greater than 50% in Shenzhen;
S; is the area of district j; S is the city’s total area.

If the DI is greater than 1, it indicates that the district
contributes more than average to the thermal-environ-
ment effects. If DI is lower than 1, it indicates that the
district contributes less than average to the thermal-
environment effects. If DI equals 1, it shows that the
thermal-environment effects of district j are similar to
those of the whole level.

2.5 Profile selection for spatial distribution analysis
The spatial distribution of a thermal environment repre-
sents thermal variations as spatial location changes.
According to traditional aerographic methods, profile
analysis and isotherms are often used to measure the
spatial distribution of thermal-environment effects
(Bornstein, 1968; Saaroni et al., 2000). The former is
used to represent the temperature variation from city
center to suburbs. The profile selection method is based
on the analysis results of thermal variation (Song et al.,
2007). Generally, for a single-center city, such as the
Twin City in the USA and Shanghai in China, the pre-
ferred profile runs from the city center to the suburbs
(Chen et al., 2002; Yuan and Bauer, 2007; Yue and Xu,
2007). For multiple-center cities, the method of verti-
cal-horizontal cross and equiangular distribution provide
another regular method to locate profiles (Zhang et al.,
20006; Xie et al., 2008; Yue and Xu, 2008).

However, in multiple-center cities, urban landscapes
expand from several cores to their surrounding areas.
The above-mentioned profiles are not suitable for de-

Industrial areas in
Bao'an District

Central stora

scribing urban development gradients and urbanization
dynamics in multiple-center cities. Urban expansion in
Shenzhen is characterized by group development with
multiple urban centers. Urban landscapes expand along
four development axes: west, middle, east, and south.
(Wang, 2003) (Fig. 2). To reflect the spatial variation of
urban development, we select profiles based on devel-
opment axes as to analyze the thermal environment dis-
tribution. The west profile expands from the urban
semi-center in Nanshan to western industry zones of
Bao'an along the west development axis. The surround-
ings of the west profile underwent industrial develop-
ment earlier. The middle profile extends from the urban
center to the storage and industry zones including Buji,
Guanlan, and Pinghu Streets. The east profile runs from
the urban center to the center of Longgang along east
development axis. Areas around the east profile have
developed later than other areas. The south profile fol-
lows the development axis in the special economic zone
(SEZ), which passes through industry centers in
Zhaoshang and Nantou streets, the High-tech Industrial
Park, and the storage center in Nanshan, the administra-
tive and business center in Futian, and then to Yantian
Port and Yantian.

3 Results

3.1 Pattern dynamics of thermal environment

High Moran's I index values of surface temperature in-
dicate that the urban thermal environment is positively
auto-correlated (Table 1). Surface temperature is easily
influenced by nearby pixels. Moran'’s I indices at differ-
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Fig. 2 Urban spatial configuration of Shenzhen and profiles

Development axis
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ent resolutions show that the strength of the correlation
decreases as the scale increases. Spatial correlations at
30-m resolution are the strongest. On every scale, the
spatial correlation of the thermal environment in 1986
was the strongest one. On the scale of 120 m, the
Moran'’s I value in 1986 was 0.86. This result indicates
that the spatial distribution of surface temperature in
1986 is the most aggregative pattern of the urbanization
period. The second-largest value was in 2005. The least
spatial correlation occurred in 1995. The values of
Moran'’s I index indicate that the aggregation pattern of
the thermal-environment effect includes first a decrease
in the rapid urbanization period and then an increase in
the steady urbanization period.

Relative thermal environment curves had similar
shapes in 1986, 1995, and 2005, but they had great dif-
ferences in distribution location, curvature, and the dis-
tance to the X-axis (Fig. 3). In this paper, the median
value was chosen as the standard for comparison. The
percent of accumulative area above the median value
varied in the three periods.

The curvature of the RTC represents the aggregation
degree of the thermal environment. For the curve of
1995, the major pixels were distributed on the nearby

Table 1 Moran’s I values of surface temperature on different
scales

Year 30 m 60 m 120 m
1986 0.98 0.93 0.86
1995 0.97 0.92 0.83
2005 0.98 0.85 0.85
1.0
+ 1986
0.8 W 1995
X 2005
0.6
~
&
0.4
0.2
0
0 20 40 60 80

Cumulative percentage of areas (%)

Fig. 3 Relative thermal environment curve of urban landscape

median value of surface temperature, and the angle be-
tween the curve and X-axis was smaller than that in
1986 and 2005. In 1986 and 2005, the major pixels were
distributed on the two extremes of the thermal environ-
ment values. It shows that the curve in 1995 represents
more flat than curves in 1986 and 2005. The spatial pat-
terns of the thermal environment in 1986 and 2005 were
more aggregative than that in 1995.

The location and distance to the X-axis of curves in
the coordinate system show the position where aggrega-
tion occurs. The curve for 1986 was located on the bot-
tom of the coordinate system. The curve for 1995 was
located between the curves for 1986 and 2005. The
curve for 2005 is located on the top. According to the
curve for 1986, less than 10% of the area has RT values
greater than 0.5. The areas with high surface tempera-
ture are limited to the initial stage of urbanization, and
the pixels aggregate on the level of low surface tem-
perature. The areas with RT above 0.5 have increased
rapidly to 50% from 1986 to 1995. During this period,
the area having a RT value greater than 0.4 grew to 80%.
The urban heat island effect has been rather significant
in Shenzhen. In 2005, nearly 80% of the area had RT
values above 0.5. The thermal-environment effect ag-
gregates on the greatest level of surface temperature in
the steady urbanization period.

3.2  Spatial variation of thermal environment
among districts

The DI for each district in 1986, 1995 and 2005 was
calculated (Fig. 4). The differences of DI values among
the six districts became smaller during urbanization. In
1986, the DI values ranged from 0.03 to 4.58. Yantian
District contributed most to the thermal-environment
effects. The DI values of Futian, Nanshan and Bao’an
districts were very low. In 1995, with the spread of ur-

5.00
—=— Bao'an
4.00¢ —8— Longgang
—&— Nanshan
3.00+ —o— Yantian
~ —— Luohu
Q .
2.00} —— Futian
1.00f
0.00 1986 1995 2005
Fig. 4  Distribution index of thermal environment effect in each
district
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ban heat islands, the contribution of each district to the
thermal-environment effects became much more similar
than they were in 1986. The range of DI values in 2005
was 0.70 to 1.22. Futian contributed most to the thermal
environment.

The DI values help to explain the thermal heterogene-
ity that characterizes each district in different urbaniza-
tion periods. In 1986, Bao’an District contributed little
to the thermal environment in Shenzhen. Compared to
the initial one, the DI values in 1995 and 2005 were
higher than 1, which indicated that Bao’an became an
area with high thermal-environment effects. Longgang
District showed a trend that was opposite to that of
Bao'an District. In 1986, the DI of Longgang was higher
than 1. After Shenzhen's reforesting in the 1990s, the
contribution of Longgang in 1995 and 2005 were ap-
parently smaller than that in 1986. Luohu, the initial
downtown of Shenzhen, showed a decreasing trend of
the DI. In 1995 and 2005, Luohu District contributed
negatively to the high thermal-environment effects of
Shenzhen. The trends of Nanshan and Futian districts
were similar. In the initial stage of urbanization, these
two districts made limited contribution to the urban
thermal environment. The DI/ values increased greatly
during the urbanization period, becoming greater than 1.
The changes of the DI values in Yantian were the largest
among the six districts. In 1986, Yantian contributed
greatly to the increasing thermal environment of Shen-
zhen. After the 1990s, the DI value decreased to 1.24
and then became lower than 1 in 2005, which indicates a
negative contribution to the whole thermal environment.

3.3  Spatial variation of thermal environment
along profiles

Temperature values on the four profiles were obtained
with the profile tools of ArcGIS 9.2. Spatial variations
are very heterogeneous, as indicated by the extreme
values, the slope of the trend line, and the curvature of
four profiles (Fig. 5).

The thermal environment in Shenzhen changed dur-
ing the urbanization process from 1986 to 2005. The
profiles suggest that the locations of high temperature
areas changed. There were only a few high-temperature
patches in the city center. After 1986, high-temperature
patches expanded to every district of Shenzhen. On the
west profile, middle profile and east profile, the highest
temperature values in 2005 were much higher than that

in 1986 (Fig. 5). For the south profile, the top of the
curve in 1986 was higher than that in 2005, in contrast
to to the other profiles. In 1986, high-temperature areas
were closely related to bare land on the hills in Yantian
and internal urban areas in Futian and Luohu.

The slope of the trend line shows temperature chang-
ing from the urban core to Bao’an and Longgang dis-
tricts (Fig. 5). Along with the west profile curve, urban
interior is warmer than the exterior in 1986, while the
opposite trend characterizes the urbanization period. The
shapes of the middle and east profiles showed few
changes during the urbanization process from 1986 to
2005. The middle profiles showed that the surface tem-
perature in the urban interior was higher than that in the
exterior. The east profile showed the surface tempera-
ture increasing with large amplitude from the urban
center to Longgang. The south profile shows a signifi-
cant wave with an ascending trend from Nanshan to
Yantian in 1986 and a reversal of the trend in 2005.

Though the temperature trend lines show spatial and
temporal heterogeneity between profiles, the peak val-
ues showed a homogenous trend with higher tempera-
tures in 2005 than that in 1986. In 2005, the west profile
showed two peaks corresponding to the urban interior
and Industrial areas in Shajing-Songgang of Bao’an.
There were two obvious peaks corresponding to Shenzhen
Dump and Yinhu Passenger Station on the east profile,
where the surface radiation was high. The peak values
of the south profile occured in Nanshan and Futian dis-
tricts in 2005. In 1986, the temperature variation in
Yantian District was the greatest: temperature peak and
valley values both appeared. The low temperature of the
valley was caused by sea temperature before sea recla-
mation. The high temperature of the peak was caused by
the high reflectance of the bare rock on the mountain.
Since the afforestation by aerial seeding in the 1990s,
mountains in Yantian District have been covered with
vegetation. Because of this, the temperature in Yantian
decreased from 1995 to 2005, and it is clearly lower
than it is in other districts. The peak value in Yantian
District in 2005 was located in Yantian Port.

4 Discussion

Urbanization is the consequence of people and non-
agricultural activities aggregating in urban centers, and
it also represents a spatial expansion of the urban land-
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Fig. 5 Profiles of thermal-environment effects in Shenzhen

scape (Zhou, 1995). Zhou (1995) has argued that popu-
lation aggregation is the main driving force in the early
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urbanization period, while the centrifugal power of
population and economic activities is the main driving
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force in the late period. In addition, the ecological ef-
fects can be varied under different urbanization charac-
teristics and phases. The present study focused on the
spatio-temporal patterns of the thermal-environment
effect under various driving forces in different urbaniza-
tion phases in Shenzhen.

4.1 Spatial patterns and process of thermal envi-
ronment

In contrast to focusing on the location and magnitude of
UHIs within a short period, as done in previous studies
(Yuan and Bauer, 2007; Rajasekar and Weng, 2009), we
find that the patterns of the thermal environment present
an aggregation-fragmentation-aggregation process along
with rapid-steady urbanization periods. Our study re-
sulted in two breakthroughs for assessing the spatial
pattern dynamics of the thermal environment. Firstly,
some quantitative methods for characterizing UHI pat-
terns such as a non-parametric model and a Gaussian
model are generalized methods that smooth the frag-
mentation patterns of the thermal environment (Streut-
ker, 2002; 2003; Rajasekar and Weng, 2009). In a het-
erogeneous urban landscape, these methods may lose
some information. We developed a relative-thermal-
environment curve method involving all pixels of the
study area in the analysis. Secondly, many studies on the
temporal changes of the thermal environment have fo-
cused on seasonal or short-period changes (Streutker,
2002; Weng et al., 2008). Our study focused on the de-
scription of thermal-environment patterns along ur-
ban-rural gradients in different urbanization stages.
Shenzhen, as the case study, experienced a relatively
integral urbanizing process, and it is appropriate for
thermal-environment studies in different urbanization
periods. Similar weather conditions are a precondition
of comparability for long-term pattern dynamics. Data
with similar weather characteristics in the same season
were chosen, and the relative thermal environment index
was adopted for comparing the thermal environment in
different years. The RTC provides a comparison method
to evaluate spatial patterns in different urbanization pe-
riods by the distribution, the curvature, and the distance
to the X-axis. This approach can avoid the subjectivity
of classification methods for describing spatial patterns
of the thermal environment. In addition, it can compare
different cities after normalization of surface tempera-
ture. In this way, we can deduce the urban characteris-

tics and thermal patterns in different cities. This will
also be the emphasis in our future research.

The changes of Moran’s I indices from 1986 to 2005
showed that the spatial pattern of the thermal environ-
ment is aggregative in the initial stage of urbanization,
and the spatial pattern then gradually became scattered
in the rapid-urbanization stage. In the steady-urbaniza-
tion stage, surface temperature distribution became ag-
gregative again. The results of RTC were consistent with
the aggregation changes derived from the autocorrela-
tion analysis. Integration of spatial autocorrelation
analysis and the curves of relative thermal environment
showed that pixels gathered on the low-thermal-effect
level in the initial urbanization period. In the rapid ur-
banization stage, along with the rapid expansion of the
urban landscape, rapidly
spread into fragmentation patterns. The areas with high

high-temperature centers

relative thermal-environment effect had become the
main part of Shenzhen. In the late stage of urbanization,
pixels with high temperature aggregated around the pre-
vious hotspots. Therefore, RTC in 2005 represented an
aggregation pattern with high values (Fig. 3).

The results of this study suggest some new perspec-
tives for better understanding of urban ecology and en-
vironment. The spatial pattern of the thermal environ-
ment is important for studies of urban ecology and en-
vironment. Taking the influence of the thermal envi-
ronment on atmospheric patterns as an example, atmos-
pheric pressure becomes lower when surface tempera-
ture increases. As a consequence, pollutants can not dif-
fuse, and there is a deterioration of air quality in the ur-
ban area (Voogt and Oke, 2003; Yuan and Bauer, 2007).
During the steady urbanization period in Shenzhen,
multiple heat islands corresponded to multiple pollutant
centers. If the city continues to expand, the contaminant
centers will gradually form into very large contiguous
areas that will greatly threaten the urban environment
and the livability of the city.

4.2  Expansion of high-temperature areas with
urban growth

By combining the results of this study with others
(Amiri et al., 2009), it can be concluded that high-tem-
perature areas grow along with the expansion of the ur-
ban landscape. Trend lines of profiles and DI values
show an increasing trend from rural areas to urban cores,
especially during the rapid urbanization period around
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the west profile. Peak values of profiles indicate that
high temperature areas have changed with urban expan-
sion. After the Reform and Opening Policy in China in
1978, the SEZ in Shenzhen obtained the most preferen-
tial economic policy. Therefore, urbanization expanded
earlier in the SEZ than outside the SEZ. Luohu and Fu-
tian districts were the earliest business, cultural, and
administration centers of Shenzhen. In 1986, peak val-
ues on the middle and west profiles corresponded to
Luohu and Futian districts (Fig. 5). Then Nanshan Dis-
trict developed as a high-tech industrial center of
Shenzhen, and Bao'’an District developed rapidly after
1995 as an industrial area. Therefore, an increase in sur-
face temperature in Nanshan and Bao'an districts ap-
peared on the west profile. The storage center and resi-
dential areas with low building density in the middle
profile resulted in a cooler surface temperature than that
in the culture and business centers.

However, the profiles showed that surface tempera-
ture was heterogeneous in urban areas because of dif-
ferent land-use types and human activities (Yue and Xu,
2008; Imhoff et al., 2010). Complex urban structures
with fragmental and diverse landscapes are reflected
more obviously in multiple-center cities (Buyantuyev
and Wu, 2010). A single heat island is divided into
fragmental patches by urban processes. That is why the
concept of an urban heat archipelago is proposed instead
of an urban heat island (Buyantuyev and Wu, 2010).
Some cities, such as the Phoenix metropolitan region,
lacking a mature urban downtown are also best repre-
sented as multiple islands (Golden, 2004; Buyantuyev
and Wu, 2010). Profiles in this study represent fluctua-
tions in both internal urban and external urban proper-
ties. Heterogeneity is caused by landscape diversity in
urban areas, such as valley values in profiles corre-
sponding to rivers, ponds, lakes, or forests, and peak
values in profiles corresponding to industrial land, CBD,
transportation centers, or barren land. Another causative
factor is the influence of albedo. In the daytime, the
thermal environment is influenced by complex factors
including moisture, shade, and other thermal properties
(Nichol, 2009). The combination of day-time and
night-time thermal remote-sensing data to determine the
causal mechanism would be a fruitful topic of further
study in multiple-center cities.

5 Conclusions

The urban thermal environment is important for under-

standing the influences of urbanization on the urban
ecosystem and environment. The study of spatial-pattern
dynamics of the thermal environment describes the tra-
jectory of thermal changes during different urbanization
periods and is instructive for policymakers seeking to
mitigate urban heat-island effects.

Based on a combination of spatial autocorrelation
analysis and the relative thermal environment curve
method, the effect of urbanization on the thermal envi-
ronment in Shenzhen can be summarized as follows:
high-temperature areas expanded gradually to uniform
and scattered distributions in the rapid urbanization pe-
riod, while in the stable urbanization period, areas with
high thermal-environment effect gradually formed into a
steadily aggregative spatial pattern. For multi-center
cities, the urban-development axis provides an approach
to the selection of profiles. These profiles reflect the
expansion of heat islands from internal urban to external
urban in their spatial distributions. Four profiles were
selected to represent various shapes determined by spa-
tial differences in the development process. In the rapid
urbanization period, controlling the spread of urban heat
islands is the key to minimizing urban climate change
and to prevent non-heat-island areas from becoming
heat islands. In the steady urbanization period, the con-
trol of initial urban heat islands has the benefit of de-
creasing UHI intensity, which can avoid temperature
increases of the initial heat islands.
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