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a b s t r a c t

Urban heat island (UHI) can generate profound impacts on socioeconomics, human life, and the envi-
ronment. Most previous studies have estimated UHI intensity using outdated urban extent maps to
define urban and its surrounding areas, and the impacts of urban boundary expansion have never been
quantified. Here, we assess the possible biases in UHI intensity estimates induced by outdated urban
boundary maps using MODIS Land surface temperature (LST) data from 2009 to 2011 for China's 32
major cities, in combination with the urban boundaries generated from urban extent maps of the years
2000, 2005 and 2010. Our results suggest that it is critical to use concurrent urban extent and LST maps
to estimate UHI at the city and national levels. Specific definition of UHI matters for the direction and
magnitude of potential biases in estimating UHI intensity using outdated urban extent maps.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Urbanization, broadly defined as a simultaneous process of de-
mographic shift from rural to urbanized areas and physical urban
land expansion, represents the most visible and pervasive human-
driven modifications to the Earth System (Seto et al., 2010; Wu,
2014). More than half of humanity now resides in urban areas
and more will follow (UN, 2014). Urban land expansion is an
indispensable process to accommodate increasing urban popula-
tion. Urban heat island (UHI), a phenomenon that urban centers
experience elevated temperature compared to neighboring subur-
ban or rural areas (Howard, 1833; Manley, 1958; Oke, 1973), is one
of the most important manifestations of urbanization-induced
impacts. UHI can generate profound impacts on socioeconomics,
human life, and the environment such as increased energy con-
sumption for cooling (Kolokotroni et al., 2012), compromised hu-
man health and comfort (Patz et al., 2005), and degraded water and
air quality (EPA, 2003; Sarrat et al., 2006). Therefore, UHI effects
have received significant attention in recent decade, particularly
across large geographical areas thanks to the development of
thermal remote sensing technology (Imhoff et al., 2010; Schwarz
).
et al., 2011; Peng et al., 2012; Clinton and Gong, 2013; Zhao et al.,
2014; Zhou et al., 2014).

UHI is typically presented as the temperature difference be-
tween urban and its surrounding areas. It is therefore a necessary
first step to accurately define and map urban and its surrounding
areas. The land cover map of a city provides an objectively quan-
tifiable and consistent basis to define urban and non-urban areas,
and urban development intensity across large areas (Imhoff et al.,
2010). However, it is still a challenge to obtain a series of dy-
namic urban extent maps at regional to global scales (Schneider
et al., 2010). As a consequence, most previous studies have char-
acterized UHI intensity based on outdated urban extent maps that
might fail to capture the influence of urban boundary expansion.
For example, Imhoff et al. (2010) assessed the UHI intensity in 38 of
the most populous cities in the continental United States using
MODIS land surface temperature (LST) averaged over three annual
cycles (2003e2005), but their urban extents were derived from
Landsat TM-based NLCD for 2001. Peng et al. (2012) characterized
UHI intensity across 419 big cities in the world using MODIS LST
data from 2003 to 2008. However, their corresponding land cover,
the basis for defining urban extent, was the 2000 MODIS Global
Land Cover Map. Zhou et al. (2013) studied the UHI intensity of
European cities using MODIS LST daytime data from 2006 to 2011
and the 2006 CORINE land cover map.
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Given the rapid conversion of land from non-urban to urban and
the equally rapid intensification of urban land uses within existing
built up areas, the lack of concurrency in LSTand urban extentmaps
might lead to significant biases in estimated UHI intensity, espe-
cially for the regions undergoing rapid urban expansion. However,
the impacts have never been quantified. In a previous study, we
quantified UHI intensity in China's 32 major cities based on urban
boundaries defined by dynamic urban extent maps from 2003 to
2011, but did not explicitly explore the possible biases using
outdated urban boundary maps (Zhou et al., 2014). In the present
study, we attempted to investigate the possible biases in UHI in-
tensity estimation induced by outdated urban boundary maps us-
ing MODIS Land surface temperature data from 2009 to 2011 for
China's 32 major cities, in combination with the urban boundaries
generated from urban extent maps of the years 2000, 2005 and
2010. Our null hypothesis is that the concurrency of urban
boundary and land surface temperature maps is not required to
estimate UHI intensity.

2. Data and methods

2.1. Study cities

This study covered China's 32 major cities including munici-
palities, provincial/autonomous regional capitals, and the city of
Shenzhen. Shenzhen, the first Special Economic Zone established in
1978 by the Chinese government, was included because it is now
considered one of the fastest growing cities in the world (Fig. 1).
Fig. 1. The locations of 32 major cities in China. All of them are municipalities or provincial/
zone established in 1978 and is now considered one of the fastest growing cities in the wo
2.2. Data

Cloud-free Landsat Thematic Mapper (TM) and Enhanced The-
matic Mapper (ETM) remote sensing imageries with a resolution of
30 m � 30 m, were used to obtain the information on urban land
cover and extent maps of those 32 cities for the years 2000, 2005
and 2010. The urban land was defined as all non-vegetative areas
dominated by human-made surfaces (e.g., roads, parking lots and
buildings), including residential, commercial, industrial, and
transportation space. The detailed procedures on how to derive the
extent of urban area can be found in our previous work (Zhao et al.,
2015).

Remotely sensed land surface temperature (i.e., LST) data were
used to characterize the temperature difference between urban and
its surrounding areas. The LST data for each city from 2009 to 2011
were obtained from Aqua MODIS 8-days composite products
(version 5) with a spatial resolution of 1 km � 1 km (MYD11A2).
The LST products include daytime (13:30 h) and nighttime (1:30 h)
temperature observations.

2.3. Analysis

In this study, we defined the UHI intensity as the LST difference
between urban and its surrounding suburban areas. Following the
commonly adopted convention (Schneider et al., 2009), all areas
dominated by built-up land (>50%) was defined as urban areas.
Specifically, an impervious surface area (i.e., ISA) map indicating
urban development intensity was first generated from urban
autonomous regional capitals except Shenzhen, which is China's first special economic
rld. The background map shows the topography of China.



Fig. 2. The delineation of urban and suburban areas, using Beijing as an example. Urban and suburban areas were delineated based on urban extent maps of the years 2000, 2005
and 2010, respectively. The urban extent map of 2010 (grey area) is the base urban land cover map. The red line stands for the border of urban area, the land within the border was
considered as the urban area, and that outside the red line but within the blue line represents the suburban area that covers the same amount of land as the urban area.
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extent map using a 1 km � 1 km moving window, which matches
the pixel size of MODIS LST data. The areas with an ISA of more
than 50% were then aggregated to delineate the urban border
using an aggregation distance of 2 km, which is equivalent to two
MODIS LST pixels and sufficient to include the scattered and most
adjacent high-intensity built-up patches into the urban area. The
land within the urban border (excluding water pixels) was
considered as the urban area of a city. A buffer zone around the
urban area (excluding water pixels), having exactly the same size
as the urban area, was defined as the suburban area (Zhou et al.,
2014). The urban and suburban areas for each city were gener-
ated based on urban extent maps of the years 2000, 2005 and
2010, respectively (Fig. 2).

UHI intensity was calculated as the MODIS LST difference be-
tween the urban and suburban areas (Peng et al., 2012; Zhou et al.,
2014). The LST averaged from 2009 to 2011 using urban extent
map of 2010 was used as the base LST map to investigate the
possible biases in UHI intensity estimation induced by using
outdated urban boundary. Annual and seasonal UHI intensities in
the day and at night were then separately calculated using urban
Fig. 3. Comparison of ISA averages in 2010 for the urban and suburban areas of 32 cities d
acronyms are shown in plain and italic fonts for 2000 and 2005, respectively. BJ: Beijing; CC:
GY: Guiyang; HK: Haikou; HZ: Hangzhou; HRB: Harbin; HF: Hefei; HH: Hohhot; JN: Jinan;
Shanghai; SY: Shenyang; SZ: Shenzhen; SJZ: Shijiazhuang; TY: Taiyuan; TJ: Tianjin; UQ: Ur
extent maps from 2000, 2005, and 2010. Summer and winter were
defined as the periods from June to August, and from December to
February, respectively. Any differences in the estimated UHI in-
tensity between the outdated maps and that of 2010 would be
considered as the impacts of lacking concurrency in the urban
extent maps.

Two methods were used to investigate the impacts of lacking
concurrency in the two data layers. First, UHI intensity comparison
between using concurrent and outdated urban extent maps across
32 cities was performed using total least square (TLS) regression or
orthogonal regression analysis (Van Huffel and Vanderwalle, 1991).
The reason that TLS regression rather than the ordinary least square
regressionwas used was both UHI intensities estimated from using
the concurrent and outdated extent maps contained errors and
they were independent. Second, impacts of lacking concurrency
might vary across cities. To examine the overall impacts across all
cities, we generated and examined the probability density func-
tions (PDF) of the bootstrapped mean differences of UHI intensity.
All statistical analyses in this study were performed using the R
packages (R Development Core Team, 2013).
efined by outdated boundary of 2000 or 2005, and concurrent boundary of 2010. City
Changchun; CS: Changsha; CD: Chengdu; CQ: Chongqing; FZ: Fuzhou; GZ: Guangzhou;
KM: Kunming; LZ: Lanzhou; LS: Lhasa; NC: Nanchang; NJ: Nanjing; NN: Nanning; SH:
umqi; WH: Wuhan; XA: Xi'an; XN: Xining; YC: Yinchuan; ZZ: Zhengzhou.
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3. Results

3.1. ISA averages calculated from different urban boundaries

Fig. 3 compares the 2010 ISA averages calculated from urban
boundaries derived from 2000, 2005, and 2010 maps across all 32
cities. ISA values calculated using earlier urban boundaries were all
higher than those based on the 2010 boundary for both the urban
and suburban areas in the 32 cities. The differences between using
2010 and 2000 boundaries were larger than those between using
2010 and 2005 boundaries. In addition, the differences in the
suburban areas were higher than their counterparts in the urban
areas.

3.2. UHI intensity averages calculated from different urban
boundaries

The 2010 UHI intensity averages calculated using urban
boundaries derived from different time periods were highly
correlated with the Pearson correlation coefficients ranging from
0.78 in summer day to 0.96 during winter night (p < 0.0001). It can
be seen from Fig. 4 that the 2010 UHI intensity can be either over- or
under-estimated at the city level using any of the boundaries.
However, there was a strong tendency of underestimation for
daytime UHI intensity as most of the data points in Fig. 4 were
below the 1:1 line.

The probability density functions (PDF) of the estimated boot-
strapped means of the UHI intensity differences between the con-
current and outdated urban boundaries for the 32 cities showed the
significance of the biases on average across the 32 cities in China
(Fig. 5). Overall, the daytime UHI intensities tended to be strongly
underestimated when using dated (non-concurrent) urban
boundaries, and the larger the non-concurrent gap, the higher the
bias in the estimate. Specifically, the mean UHI intensity of the 32
cities during the daytime, regardless of the time period considered
(summer, winter or the entire year), would be all negatively biased
Fig. 4. Comparison of UHI intensity averages from 2009 to 2011 for 32 cities based on urba
boundary of 2010. Points above the 1:1 line (dashed) would indicate overestimation of UH
underestimation.
if the boundary used was from 2000, and two out of three would be
all negatively biased if the boundary layer was from 2005. Although
the biases of UHI during summer daytime were heavily and nega-
tively biased, small positive biases were possible. In addition, the
modes of the PDF indicated that the modes of the relative biases
during daytime were all higher than 50%. Although the absolute
mean biases were only a fraction of a degree, they were very sig-
nificant for UHI estimation. These results suggested the null hy-
pothesis that the concurrency of LST and urban extent maps is not
required for estimating UHI intensity should be rejected during the
day.

The concurrency of boundary and temperature layers is not
required for estimating the mean UHI during nighttime across the
32 cities except for the summer night UHI estimated using 2000
boundary (Fig. 5). The main reason for not requiring the concur-
rency was probably related to the low responses of the nighttime
UHI to the mismatch of boundary and temperature fields in China
on average. None of the 6000 bootstrapped mean UHI differences
for the 32 cities for nighttime was higher than 0.3 �C.

4. Discussion

The responses of UHI to varying dated boundaries were not as
consistent as those of ISA across cities. At city level, ISA values were
consistently overestimated if the urban boundaries were not con-
current, particularly in the suburban areas (Fig. 3). This over-
estimation signifies the intensification of urbanization (i.e., the
increase of urban built-up fraction) that has occurred in China
along with the fast urban expansion in China. In contrast, the UHI
responses at city level was more complex than ISA responses,
showing the existence of both negative and positive responses
across the 32 cities, owing to a variety of driving factors and pro-
cesses for UHI (Oke, 1982; Arnfield, 2003).

Our results suggest that it is critical to use concurrent urban
extent and LST maps to estimate UHI at the city and national levels.
We found that the underestimation of daytime UHI intensity using
n and suburban areas defined by outdated boundary of 2000 or 2005, and concurrent
I intensity relative to that using the 2010 urban boundary, and points below indicate



Fig. 5. The probability density functions (PDF) of the bootstrapped means of the UHI intensity differences between the outdated (2000 or 2005) and concurrent (2010) urban
boundaries for the 32 cities when defining the UHI as the urbanesuburban difference. The reference line of zero difference (dashed vertical line) is drawn to show if any of the
distributions is significantly different from zero.
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outdated urban extent maps can be higher than 50% of the actual
UHI intensity. These findings have two implications. First, it might
imply that previous studies using outdated urban extent maps
might have vastly misestimated UHI estimates. Therefore there is
an urgent need to reevaluate the magnitude of UHI intensity using
concurrent land cover maps. Second, the need for concurrent urban
extent maps for UHI studies in essence calls for accurate land cover
maps in urban environment because inaccurate land cover maps
can lead to large biases in UHI intensity estimates. This echoes the
observation that explicitly mapping the extent and dynamic char-
acteristics of urban areas accurately and timely is essential for
understanding the impact of humans on the environment
(Ramalho and Hobbs, 2012).

It is worthwhile to explore and understand why data concur-
rency is needed for daytime UHI but not for nighttime UHI in-
tensity. The formation of UHI during daytime is largely driven by
solar radiation and distinct radiative and thermal properties of
urban land surfaces. Particularly, evapotranspiration cooling effect
is greatly subdued in the urban areas compared with surroundings
and more energy is partitioned into sensible heat or trapped in the
environment (Grimmond and Oke, 1991). Because the driving
forces of daytime UHI are highly related to urban development
intensity, it is therefore critical to map land surface conditions
accurately and timely which demands the concurrency of land
cover maps. On the other hand, the major driving forces for UHI at
night when there is no solar radiation and minimal evapotranspi-
ration are quite different from those during the day. The major
drivers for nighttime UHI are mainly the release of solar energy
trapped during the day and anthropogenic heating sources (Oke,
1981; Voogt and Oke, 2003). The change of dominance in driving
forces between day and night produce two distinct patterns of heat
domes: one characterized by the urbanerural temperature “cliff”
(Oke, 1982) during the day and the other by gradual urbanerural
temperature decline during the night (Zhou et al., 2015). Therefore,
estimating UHI intensity during the day would require a closer
match of land cover map and land surface temperature map (i.e.,
data concurrency) than at night because the land surface temper-
ature gradient is larger during the day than that at night.

In this study, we defined the UHI using the urbanesuburban
difference. Many previous studies defined the UHI as the urban-
erural difference (e.g., Oke, 1982; Runnalls and Oke, 2000; Stewart,
2011). Difference in UHI definition does matter for quantifying the
magnitude and pattern of UHI effect (Schwarz et al., 2011; Zhou
et al., 2015). To examine the generality of our results, we also
investigated the potential biases in estimating UHI intensity
defined by the urbanerural difference (rural area is defined as
ISA � 5%). Results still suggest the importance of data concurrency
for UHI assessment (Fig. 6). However, a strong tendency of over-
estimation for UHI intensity using outdated urban extent maps was
observed when defining the UHI as the urbanerural difference.
Because of the intensification of urbanization and urban expansion
over time, the ISA in urban, suburban and rural areas will be
overestimated using outdated urban extent maps, resulting in an
overestimation of surface temperature in those areas. Therefore,
the direction and magnitude of potential biases in estimating UHI
intensity associated with using outdated land cover maps will
depend on the overestimation difference in ISA between urban and
its surrounding areas. The overestimation of ISA in urban area is
more likely to be less than that in suburban areawhereas that tends
to be higher relative to rural area. As a consequence, the UHI tends
to be underestimated and overestimated using outdated urban
boundary maps to define the UHI as the urbanesuburban and the
urbanerural difference, respectively (Figs. 5 and 6). It is understood
that UHI intensity depends on UHI definition (i.e., which back-
ground temperature (rural or suburban) is used to compare with
the urban temperature). Our study further showed that the defi-
nition difference can even alter the direction and magnitude of
potential biases in estimating UHI intensity using outdated urban
extent maps.

Our study revealed the importance of concurrency using



Fig. 6. The probability density functions (PDF) of the bootstrapped means of the UHI intensity differences between the outdated (2000 or 2005) and concurrent (2010) urban
boundaries for the 32 cities when defining the UHI as the urbanerural difference. The reference line of zero difference (dashed vertical line) is drawn to show if any of the dis-
tributions is significantly different from zero.
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observations from China where urban expansion rates were higher
thanmost cities in other regions (Seto et al., 2012; Zhao et al., 2015).
It is worthwhile to note that the issue of potential biases in esti-
mating UHI intensity associated with using outdated land cover
maps by 5e10 years may not be a big problem for the cities of
Europe and North America where urban extent and intensity level
of urban development remain relatively stable over time. Never-
theless, given the rapid urbanization that we continue to expect in
Asia, Africa and South America, it is prudent and advisable to use
concurrent land cover and urban extent maps to quantify UHI in-
tensity, and hence to be able to accurately predict the ecological,
social, and economic consequences of UHI for human comfort,
health and well-being.
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