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Urban heat island (UHI) is a major anthropogenic alteration on Earth environments and its geospatial pattern re-
mains poorly understood over large areas. Using MODIS data from 2003 to 2011, we quantified the diurnal and
seasonal surface UHI intensity (SUHII, urban–suburban temperature difference) in China's 32 major cities, and
analyzed their spatial variations and possible underlying mechanisms. Results show that the annual mean
SUHII variedmarkedly from 0.01 to 1.87 °C in the day and 0.35 to 1.95 °C at night, with a great deal of spatial het-
erogeneities. Higher SUHIIs for the day and night were observed in the southeastern and northern regions, re-
spectively. Moreover, the SUHII differed greatly by season, characterized by a higher intensity in summer than
in winter during the day, and the opposite during the night for most cities. Consequently, whether the daytime
SUHII was higher or lower than the nighttime SUHII for a city depends strongly on the geographic location and
research period. The SUHII's distribution in the day related closely to vegetation activity and anthropogenic
heat releases in summer, and to climate (temperature and precipitation) in winter, while that at night linked
tightly to albedo, anthropogenic heat releases, built-up intensity, and climate in both seasons. Overall, we
found the overwhelming control of climate on the SUHII's spatial variability, yet the factors included in this
study explained amuch smaller fraction of the SUHII variations in the day compared to night and in summer rel-
ative to winter (day vs. night: 57% vs. 72% in summer, and 61% vs. 90% in winter, respectively), indicating more
complicatedmechanisms underlying the distribution of daytime SUHII, particularly in summer. Our results high-
light the different diurnal (day and night) and seasonal (summer andwinter) SUHII's spatial patterns and driving
forces, suggesting various strategies are needed for an effective UHI effect mitigation.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Urbanization, a major human activity, poses increasingly strong im-
pacts on Earth environments (Grimm et al., 2008; Vitousek, Mooney,
Lubchenco, & Melillo, 1997). Among these effects, the resultant urban
heat island (UHI), refers to the phenomenon that urban areas tend to
have higher atmospheric or surface temperatures than the surround-
ings, is one of the most well-documented example of anthropogenic
modification on Earth system (Arnfield, 2003; IPCC, 2007; Oke, 1973;
Voogt & Oke, 2003). UHI can not only alter the eco-environments such
as net primary production (Imhoff et al., 2004), biodiversity (Reid,
1998), water and air quality (Grimm et al., 2008), and climate
(Arnfield, 2003; Dixon & Mote, 2003; IPCC, 2007; Jin, Dickinson, &
Zhang, 2005; Jin, Shepherd, & King, 2005; Shepherd, 2005) but also
affect human health andwell-beings like an increase inmorbidity, mor-
tality, and risk of violence (Gong et al., 2012; O'Loughlin et al., 2012;
Patz, Campbell-Lendrum, Holloway, & Foley, 2005). These impacts
were expected to be more serious when interacting with global climate
changes (IPCC, 2007; McCarthy, Best, & Betts, 2010; Patz et al., 2005).
Thus, a better understanding of the UHI effects is critically important
to support future climate mitigation actions and human adaptive strat-
egies (Arnfield, 2003; Imhoff, Zhang, Wolfe, & Bounoua, 2010; Oke,
1973).

UHI has two broad types. The first is the atmospheric UHI calculated
from weather station networks (Chow & Roth, 2006; Fast, Torcolini, &
Redman, 2005; Karl & Quayle, 1988; Peterson, 2003) and the second is
the surface UHI estimated from thermal infrared remote sensing tech-
niques (Imhoff et al., 2010; Jin, Dickinson, et al., 2005; Peng et al.,
2012; Voogt & Oke, 2003). Because of easy access and wall-to-wall cov-
erage of satellite products, the surface UHI has gained rising attention in
recent decades (Clinton&Gong, 2013; Imhoff et al., 2010; Jin, Dickinson,
et al., 2005; Peng et al., 2012; Tran, Uchihama, & Yasuoka, 2006; Zhang,
Imhoff, Wolfe, & Bounoua, 2010). We will deal with the surface UHI
intensity (SUHII) in this study.

Surface UHI remains poorly understood over large areas. Most of the
previous studies were conducted in a particular or several contrasting
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cities regarding the magnitude of surface UHI rather than geospatial
patterns (e.g., Li et al., 2011; Tran et al., 2006; Yuan & Bauer, 2007). A
few recent efforts had beenmade to understand the regional and global
distributions of SUHII, yet they concentrated on big cities that are most-
ly situated in coastal areas and/or have different driving variables,
therefore leading to highly diverse conclusions (Clinton & Gong, 2013;
Imhoff et al., 2010; Jin, Dickinson, et al., 2005; Peng et al., 2012; Zhang
et al., 2010). For instance, Jin, Dickinson, and Zhang (2005) suggested
that the SUHII were pronounced at both daytime and nighttime globally
but did not explore their drivers. Zhang et al. (2010) only focused on the
daytime SUHII and the ecological control on global variations. Imhoff
et al. (2010) demonstrated that the SUHII was more intense in the day
than at night, and was mainly controlled by ecological context across
38 metropolises in the conterminous United States. Peng et al. (2012)
also concluded that the SUHII was significantly higher in the day than
at night across 419 global big cities and their spatial variability was
attributed to the urban–suburban differences in vegetation activity dur-
ing the daytime and in albedo and anthropogenic heat releases at night.
Themost recent global report (Clinton&Gong, 2013) indicated a similar
magnitude for annual mean SUHII in the day and at night averaged
across cities with large geographical heterogeneity that was mainly de-
termined by the development intensity, vegetation amount, and the
size of the urban metropolis. Apparently, a more detailed assessment
on the spatial patterns of SUHII and underlying mechanisms is needed
for a better understanding of the UHI effects over large areas.

Located in the East Asian monsoon region, China covers a wide tem-
perature gradient decreasing from south to north and a large precipita-
tion gradient decreasing from southeast to northwest (Wu, Yin, Zheng,
& Yang, 2005), suggesting China should be an ideal place to examine the
impacts of UHI at regional scale. Various studies have documented the
SUHII in selected cities in China (Cai, Du, & Xue, 2011; Ding & Shi,
2013; Li et al., 2011; Tran et al., 2006; Xu & Chen, 2004). However, to
our knowledge, no studies have systematically analyzed the SUHII of
all major cities in China. Quantifying and analyzing the magnitude and
spatial pattern of SUHII in China can not only help enhance understand-
ing the physical characteristics, driving forces, and consequences of UHI
in general, but also be essential for formulating climatemitigation strat-
egies and plans in the country.

The purpose of this study was to investigate the geographic varia-
tions of the diurnal and seasonal SUHII in China's 32 major cities, and
to explore their possible driving forces. The latest version 5 of Moderate
Resolution Imaging Spectroradiometer (MODIS) Land Surface Tempera-
ture (LST) data were used to evaluate the surface temperature differ-
ences between urban and surrounding suburban areas over these 32
major cities that are distributed across China. Measurements of SUHII
were related to both biophysical and anthropogenic factors to explore
the possible causes for their spatial variabilities.

2. Data and methods

2.1. Datasets

We focused on 32 major cities in China (Fig. 1). All of them are mu-
nicipalities or provincial capitals except Shenzhen, which is China's first
special economic zone established in 1978 and is now considered as one
of the fastest-growing cities around the world. To investigate the
geographic variations of SUHII, these cities were grouped into six re-
gions according to the geography of China (Fang, Chen, Peng, Zhao, &
Ci, 2001): North China (Beijing, Hohhot, Shijiazhuang, Taiyuan, and
Tianjin), Northeast China (Changchun, Harbin, and Shenyang), East
China (Fuzhou, Hangzhou, Hefei, Jinan, Nanchang, Nanjing, and
Shanghai), Central-south China (Changsha, Guangzhou, Haikou,
Nanning, Shenzhen, Wuhan, and Zhengzhou), Southwest China
(Chengdu, Chongqing, Guiyang, Kunming, and Lhasa), and North-
west China (Lanzhou, Urumqi, Xi'an, Xining, and Yinchuan) (Fig. 1).
The east, central-south, and southwest parts of China have typical
humid-hot climate. Northeast China, North China, and Northwest
China have typical humid-cold, subhumid/semiarid-temperate, and
arid climates, respectively (Wu et al., 2005).

Land surface temperature (i.e., LST) was obtained from Aqua
MODIS 8-days composite products (version 5) with a spatial resolu-
tion of 1 km × 1 km (MYD11A2) from 2003 to 2011 for each city. The
Aqua MODIS LST data was retrieved from clear-sky (99% confidence)
observations that monitored at 1:30 and 13:30 local solar time using a
generalized split-window algorithm (Wan & Dozier, 1996). Wan
(2008) reported that the accuracy of MODIS V5 LST is better than 1 K
for most tested cases (39 out of 47), and Rigo, Parlow, and Oesch
(2006) found less than 5% differences between MODIS LSTs and in-
situ measurements in urban areas.

Urban coverage map of each city was derived from the cloud-
free Landsat TM/ETM + images (http://www.usgs.gov/ and http://
datamirror.csdb.cn/) with a high spatial resolution of 30 m × 30 m in
circa 2000, 2005, and 2010. First, the Landsat imageswere preprocessed
(e.g., re-projection, mosaic, histogram equalization) using ERDAS Imag-
ine version 9.2. Second, the land covers were grouped into three types
(i.e., built-up land, water body, and other land) using the maximum
likelihood classification approach (Strahler, 1980). Built-up land con-
sisted of the impervious surfaces of cities, towns (lands used for town-
ships and settlement), and industrial and mining lands. Water body
represents the reservoirs, ponds, and rivers. Other land represents all
the other kinds of land covers including cropland, forest, shrub, grass,
and unused land. Finally, the accuracies of the classified products were
assessed using Google Earth Pro® (GE) following the approach of
Zhou, Zhao, and Zhu (2012), and the Kappa coefficients measuring clas-
sification accuracy (Foody, 2002)were calculated. Kappa coefficients for
the 32 cities ranged from 0.77 to 0.93, with most of them were larger
than 0.80, which meets the accuracy requirements of this analysis.

The following datasets were assembled to examine their relations
with the SUHII:

a) The MODIS Enhanced Vegetation Index (EVI) (16-day composites)
and Bidirectional Reflectance Distribution Function (BRDF) albedo
(8-day composites) from 2003–2011: the albedo products
consisted of shortwave black sky albedo (BSA, directional hemi-
spherical reflectance at local solar noon) and white sky albedo
(WSA, bihemispherical reflectance). Because the BSA was linear-
ly correlated with WSA and showed a similar relationship with
SUHII to WSA (Peng et al., 2012), only WSA was utilized in this
analysis.
b) Digital Elevation Model (DEM): digital elevation data at a 3

arc-second (approximately 90 m) spatial resolution from
the Space Shuttle Radar and Topography Mission (SRTM)
was used (http://earthexplorer.usgs.gov/).

c) Built-up Intensity (BI): the BI, defined as the percentage of
landscape taken by built-up land, was derived from urban
coverage maps. Methods to derive BI will be described in
2.2. Analysis.

d) Climate information on temperature and precipitation:
monthly climate data from 2003 to 2011 for each city was ob-
tained from Chinese Meteorological Observations (http://
cdc.cma.gov.cn/). The meteorological station for each city
was located within its suburban or urban area to reflect the
climatic background for each city (Fig. 1).

e) Nighttime lights: the remotely sensed nighttime light signals de-
rived from the Defense Meteorological Satellite Program's Opera-
tional Linescan System (DMSP/OLS) (version 4 and downloaded
from http://ngdc.noaa.gov/eog/dmsp/ downloadV4composites.
html) were used to as a proxy of anthropogenic heat releases in
both urban and suburbs following previous studies (Elvidge
et al., 2001; Ghosh et al., 2010; Peng et al., 2012). The annual
DMSP data were compiled for 2003–2010 with a nominal spatial
resolution of 2.7 km.

http://www.usgs.gov/
http://datamirror.csdb.cn/
http://datamirror.csdb.cn/
http://earthexplorer.usgs.gov/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://ngdc.noaa.gov/eog/dmsp/


Fig. 1. Locations of the 32major cities and six regions in China,with the backgroundmap indicating the topography of China. All of the cities aremunicipalities or provincial capitals except
Shenzhen, which is China's first special economic zone established in 1978, and is now considered one of the fastest-growing cities in the world. The meteorological station for each city
located within its suburban or urban area to reflect the climatic background for each city was showed as well.
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2.2. Analysis

In this study, the SUHII was defined as the LST difference between
urban and its surrounding suburban areas (Clinton & Gong, 2013;
Peng et al., 2012), which was different from other regional or global
analyses that took “rural” (certain distance away from urban) as ref-
erence locations (Imhoff et al., 2010; Tran et al., 2006; Zhang et al.,
2010). Our SUHII definition can reduce the uncertainties associated
with site-specific rural conditions across cities (e.g., topography,
the presence of water body, and land use). In order to calculate
Sep. 3, 2005
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(2) A 50% threshold of BI was used as a criterion (e.g., Imhoff et al.,
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(3) The high-intensity built-up polygons were aggregated to delin-
eate the urban border with 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 class. The landwithin the borderwas con-
sidered as urban area (excluding water pixels), which ranged
from 47.6 km2 (Lhasa) to as much as 2350.6 km2 (Tianjin) in
year 2010.

(4) A buffer zone around the urban area, exactly the same size as the
urban area (excludingwater pixels),wasdefined as the suburban
area (Fig. 2).

We generated urban and suburban areas for each city map in 2000,
2005, and 2010. Since our timeframe of SUHII analysis was between
2003 and 2011, we assumed that the urban and suburban areas delin-
eated in 2000, 2005, and 2010 can be used to represent those in
2003–2004, 2005–2009, and 2010–2011, respectively. The annual and
seasonal (summer and winter) SUHII in the day (13:30) and night
(1:30) were then calculated over the period 2003–2011 for each city in-
dividually. Summer andwinterwere defined as the periods from June to
August, and fromDecember to February, respectively. The diurnal SUHII
amplitude (DSA) and the seasonal SUHII amplitude (SSA), defined as
the SUHII differences between the day and night, and between summer
and winter, respectively, were calculated to quantify the diurnal and
seasonal SUHII amplitudes for each city. Finally, we estimated the annu-
al and seasonalmean SUHII in all six regions across China during the day
and night. To address the uncertainty introduced by the relatively small
number of cities in each region, a nonparametric resampling procedure
was used to generate bias-corrected bootstrap 95% confidence intervals
of SUHIIs from 1000 randomizations of the observed SUHIIswithin each
region in SPSS PASW Statistics 18 (SPSS Inc.). Significance tests (p =
0.05) were then conducted to determine (1) if each of the estimated
regional SUHII was statistically different from zero (i.e., does the SUHI
exist?), (2) if there was a significant seasonal or diurnal difference in
SUHII for each region, and (3) if there were differences in SUHII across
regions.

In parallel with SUHII, five difference variables between urban
and suburban pixels (i.e., vegetation index [ΔEVI], white sky albedo
[ΔWSA], nighttime lights [ΔNL], elevation [ΔDEM], and built-up in-
tensity [ΔBI]) and three fixed parameters (i.e., urban area size
[UAS] and two climate factors [total precipitation and mean tempera-
ture]) were used to examine the possible drivers for the SUHII's spatial
variations. The annual and seasonalΔEVI,ΔWSA, total precipitation and
mean temperature were calculated for each city over 2003–2011. In
contrast, only annualΔNL,ΔBI,ΔDEM, andUASwere estimated because
there was no seasonal information available for them in our compiled
database, thus were assumed the same during each season. To analyze
plausible drivers that might control SUHII, a combination of correlation
analysis, stepwise regression analysis, and our understanding on poten-
tial physical driving forces was adopted. The Pearson's correlation coef-
ficients between the SUHII and the above-mentioned variables across
cities were calculated using SPSS PASW Statistics 18 (SPSS Inc.). Step-
wise multiple linear regressions were developed between SUHII and
potential driving variables to find the best predictors and the indepen-
dent explanation power of each selected variable to the spatial variation
of SUHII.

3. Results

3.1. Spatial distributions of SUHII

Fig. 3 shows the spatial distribution of SUHII averaged over the peri-
od 2003–2011 for China's 32 major cities. The annual mean day and
night SUHII averaged from2003 to 2011were positive in all the 32 cities
varying from 0.01 (Lanzhou) to 1.87 °C (Shenyang) and 0.35 (Wuhan)
to 1.95 °C (Shenyang), respectively (Fig. 3A and B). Overall, the cities
located in the southeastern parts of China experienced more intense
daytime SUHII (Northeast, East, Central-south, and Southwest China)
than those in the North and the Northwest (Fig. 3A, Table 1). In contrast,
the cities in the northern regions had higher nighttime SUHII (North-
east, North, and Northwest China) compared to their southern counter-
parts (East, Central-south, and Southwest China) (Fig. 3B, Table 1).
Particularly, Northeast China, with humid-cold climate, exhibited the
greatest SUHII in both day (1.43 [1.21, 1.65] °C, values in parenthesis de-
fine the 95% confidence interval, hereafter) and night (1.90 [1.84 to
1.95] °C). The annual mean diurnal SUHII amplitude (i.e., DSA) demon-
strated a distinct spatial pattern (Fig. 3C, Table 1). It was positive in the
East and the Central-south, close to zero in the Southwest, and negative
in the northern parts of China.

The spatial patterns of SUHII differed greatly by season. In summer,
theDSAwas positive in all regions except theNorthwest, and the largest
DSA was found in the Northeast with 1.82 [1.47, 2.18] °C, followed by
the East (1.38 [1.07, 1.69] °C) and Central-south (0.87 [0.50, 1.20] °C)
(Fig. 3D, E, and F, Table 1). In contrast, the DSA was negative in all re-
gions during the winter, but it was not statistically significant in the
East and Central-south. The largest negative winter DSA occurred in
the Northeast (−2.24 [−2.26, −2.21] °C), followed by the North
(−2.11 [−2.53, −1.72] °C) and Northwest regions (−1.53 [−1.96,
−1.13] °C) (Fig. 3G, H, and I, Table 1). Aweak but statistically significant
correlation between the daytime and nighttime SUHIIs was observed in
summer (r = 0.37, p b 0.05), and no correlation was shown between
them in winter (r = −0.19, p = 0.30) across cities. Meanwhile, an in-
significant correlation and a strong correlationwere illustrated between
summer and winter SUHIIs during the day (r = −0.17, p = 0.33) and
night (r = 0.89, p b 0.01), respectively (Fig. 4).

The seasonal SUHII amplitude (SSA) showed significant difference
between day and night. The mean SSAs were 1.70 [1.35, 2.03] °C and
−0.21 [-0.36, −0.08] °C, respectively, during the day and night for all
32 cities (Table 1). The large difference was resulted from the fact that
the SUHII was more intense in summer than in winter for nearly all
the cities (except Urumqi and Nanning) during the daytime (Fig. 3D,
G and J, Table 1), and the opposite for most cities (23 of 32) at night
(Fig. 3E, H and K, Table 1). Spatially, SSA was obviously higher in the
day than that at night in all six regions (Fig. 3J and K, Table 1). The
Northeast region had the largest SSA, closely followed by the North,
and their SSAs were significantly larger than those in other regions for
both day and night (Table 1).

3.2. Relationships between SUHII and potential drivers

The daytime SUHII correlated significantly and positively to the
urban–suburban differences in nighttime lights (a proxy of anthropo-
genic heat releases) (r = 0.65, p b 0.01) and built-up intensity (r =
0.40, p b 0.05), negatively to the urban–suburban difference in en-
hanced vegetation index (r = −0.59, p b 0.01) in summer, and posi-
tively to precipitation (r = 0.39, p b 0.05) and temperature (r = 0.35,
p b 0.05) inwinter (Table 2). In contrast, the nighttime SUHII correlated
significantly and positively to the urban–suburban differences of night-
time lights and built-up intensity, and negatively to the temperature
and precipitation, and the urban–suburban difference of white sky
albedo in both seasons.

Multiple stepwise regression analysis showed that the factors com-
piled in this analysis explained a significantly larger fraction of the
SUHII variation at night compared to day and in winter relative to sum-
mer (night vs. day: 72% vs. 57% in summer, and 90% vs. 61% in winter,
respectively) (Table 2). The daytime SUHII variation was primarily ex-
plained by nighttime lights (a proxy of anthropogenic heat releases)
in summer (42%) and by climate (temperature and precipitation to-
gether 45%) in winter. Surface albedo accounted for most of the night
SUHII variation regardless of season (i.e., 43% in summer and 65% in
winter), and climate and anthropogenic heat releases explained signifi-
cant portions of the variation as well.



Fig. 3. Spatial distributions of surface urban heat island intensity (SUHII) in China's 32 major cities averaged over the period 2003–2011, including annual mean daytime SUHII (A), night-
time SUHII (B), diurnal SUHII amplitude (i.e., DSA) (C), and their seasonal counterparts during summer (D, E, and F) and winter (G, H, and I), respectively. The seasonal SUHII amplitude
(i.e., SSA) during the day and night were illustrated in panels J and K, respectively. The DSA and SSA were defined as the SUHII differences between day and night, and between summer
and winter, respectively.
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4. Discussion

4.1. Possible mechanisms underlying SUHII spatial variability

Satellite thermal data reflect spatially aggregated heat information
of the urban surface via upwelling thermal radiance that is received
by remote sensors (Voogt & Oke, 2003). The resultant surface tempera-
turewas controlled by both surface radiative and thermodynamic prop-
erties. The surface energy balance can be expressed as: net all-wave
radiation (Rn) + anthropogenic heat releases (F) = latent heat flux
(LE) + sensible heat flux (H) + ground heat flux (ΔS) (Arnfield,
2003; Clinton &Gong, 2013). The SUHII in the daywas broadly regarded
as the consequence of a reduction in latent heat flux and an increase in
sensible heat flux due to the rise of impervious surface at the expense of
vegetated and evaporating soil surfaces (Arnfield, 2003; Clinton&Gong,
2013; Oke, 1982; Peng et al., 2012; Voogt & Oke, 2003), while that at
night a result of more heat storage in urban zone during the day com-
pared to surrounding areas (Clinton & Gong, 2013; Voogt & Oke,
2003). These effects can be indirectly exaggerated by the increasing an-
thropogenic heat emissions from traffic, industry, and domestic build-
ings (Arnfield, 2003; Yow, 2007). Factors influencing any heat
component can alter the direction and/or magnitude of urban heat is-
land during the day and/or night.

Our results indicated that the SUHII's spatial patterns in the day and
night were driven by different variables (Fig. 4, Table 2), probably
reflecting the variability of different heat fluxes in the dominance of
the surface energy balance. For example, the latent and sensible heat
fluxes dominate the energy balance equation in the day, whereas the
ground heat fluxes become dominant at night (Arnfield, 2003; Clinton
& Gong, 2013; Shepherd, 2005; Voogt & Oke, 2003). The driving mech-
anisms of the major biophysical and anthropogenic factors on SUHII ef-
fects (Table 2) are discussed separately below.

4.1.1. Vegetation activity
The presence of vegetation can increase the latent heat fluxes via

transpiration (compared with impervious surfaces), and therefore was
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expected to generate a cooling effect on surface temperature and
hence can mitigate SUHII effects (Li et al., 2011; Peng et al., 2012;
Tran et al., 2006; Yuan & Bauer, 2007). The results in Table 2 support
this mechanism because the difference in vegetation index between
urban and suburban areas (i.e.,ΔEVI) correlatednegatively and strong-
ly with daytime SUHII across cities in summer. Vegetation effect was
insignificant in winter (Table 2) because of the low vegetation activi-
ties (e.g., the latent heat flux) in the season (Fig. 5C). Moreover, the
seasonal change of ΔEVI was the best-predictor for the seasonal
SUHII amplitude (i.e., SSA) in the day (Figs. 3J and 5D). The ΔEVI had
insignificant correlations with nighttime SUHII in both seasons,
which was expected owing primarily to the absence of transpiration
during the night (Arnfield, 2003; Peng et al., 2012).

Unexpectedly, the indicator of vegetation activity (i.e., EVI)was not
included in the stepwise multiple linear regression result to explain
the SUHII variation. This suggested that the vegetation effects may be
collinearly correlated with the effects of other factors that were in
the regression. For example, the effects of vegetation were negatively
and strongly coupled with the impacts of anthropogenic heat releases
(as reflected by nighttime lights, r=−0.59, p b 0.01), an important in-
dependent variable in the regression equation.
4.1.2. Albedo
Urbanization generally decreases surface albedo and emissivity

largely due to the urban “canopy effect” and the new materials used
in urban roads or buildings. Together, they reduce heat loss through in-
creased heat storage and net all-wave radiation in urban areas
(Arnfield, 2003; Jin, Shepherd, et al., 2005; Oke, 1982; Stewart & Oke,
2012). Since the night SUHII was mainly driven by the surface heat
fluxes that originated from heat storage during the day (Arnfield,
2003; Shepherd, 2005), the citywith larger negative difference of albe-
do between urban and suburban areas (i.e., ΔWSA) was expected to
have larger SUHII at night. This mechanism was verified by our find-
ings that the night SUHII in both seasons was strongly correlated
with ΔWSA (Table 2). Furthermore, the albedo effect was found
more evident in winter compared to summer due to the greater
ΔWSA (Fig. 6) resulted from vegetation defoliation and the presence
of ice and snow in winter.

The impacts of urbanization on the surface albedo varied with re-
gion and its background vegetation. For instance, the Northeast, char-
acterized by larch and seasonal cropland, exhibited the maximal
negative ΔWSA along with high SUHII at night (Figs. 3B and C, and
6). In contrast, the southeastern cities, mainly covered by evergreen
forests and continuous cropland, had small and positive values of
ΔWSA that in part can explain the weak nighttime SUHII for those cit-
ies. These findings were similar to the results from Jin, Dickinson, and
Zhang (2005) who suggested that the city surrounded by cropland
and deciduous trees had larger albedo contrast between urban and
suburban areas than that by evergreen forests.
4.1.3. Built-up intensity
Higher built-up intensity (i.e., BI) helps maintain warmer urban

temperatures than lower BI since more heat can be trapped by street
canyons, emitted by human activities, and stored by building mate-
rials, and less heat was lost because of the decreased vertical flux
change (Oke, 1982; Yow, 2007). A larger BI difference between urban
and suburban areas (i.e., ΔBI) was expected to have more intense
SUHII in the city, in particular after the stored heat is released at
night (Li et al., 2011; Tran et al., 2006; Yuan & Bauer, 2007). The signif-
icant positive correlations between ΔBI and nighttime SUHII observed
in this study (Table 2) supported this mechanism. The overall ΔBI of
the cities in the Northeast (i.e., Shenyang, Harbin, and Changchun)
was larger than that in the other regions (data not shown), which at
least partially contributed to the high SUHII in the region (Table 1).



A) Summer B) Winter

C) Daytime D) Nightime

Fig. 4. Relationships of SUHII (°C) between the day and night during summer (A) andwinter (B), and between summer andwinter during thedaytime (C) and nighttime (D) across China's
32major cities averaged over the period 2003–2011. BJ: Beijing; CC: Changchun; CS: Changsha; CD: Chengdu; CQ: Chongqing; FZ: Fuzhou; GZ: Guangzhou; GY: Guiyang; HK: Haikou; HZ:
Hangzhou;HB: Harbin;HF: Hefei; HT: Hohhot; JN: Jinan; KM:Kunming; LZ: Lanzhou; LS: Lhasa;NC:Nanchang;NJ:Nanjing; NN:Nanning; SH: Shanghai; SY: Shenyang; SZ: Shenzhen; SJZ:
Shijiazhuang; TY: Taiyuan; TJ: Tianjin; UQ: Urumqi; WH: Wuhan; XA: Xi'an; XN: Xining; YC: Yinchuan; ZZ: Zhengzhou.
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4.1.4. Anthropogenic heat emissions
The anthropogenic heat flux, which can be converted into sensible

heat flux or other energy components (Christen & Vogt, 2004), influ-
ences the SUHII indirectly (Peng et al., 2012). Here we used the night-
time lights (i.e., NL) as a proxy for anthropogenic heat emissions (e.g.,
Amaral, Câmara, Monteiro, Quintanilha, & Elvidge, 2005; Peng et al.,
2012). Results showed significantly positive correlations between ΔNL
and SUHII in the day (for summer only) and at night (for both summer
and winter) (Table 2). This positive relationship between ΔNL and
SUHII was consistent with other studies (Peng et al., 2012; Yow, 2007).

4.1.5. Climate
Climatic condition was found to be a major reason for the observed

SUHII spatial variability at night in both seasons and in the day inwinter
Table 2
Pearson's correlation coefficients between the SUHII's fluctuations and driving variables and th
regressions (in parentheses). EVI, enhanced vegetation index;WSA,white-sky albedo; NL, nigh
land; UAS, urban area size (logarithmic transformed);MT,mean temperature; TP, total precipita
considered the same over the day and night. The factors including ΔWSA,ΔEVI, MT and TPwere
the same in spite of season because there was no seasonal information of them in our compile

Variables ΔEVI ΔWSA ΔNL ΔBI

Day Summer −0.59a

(6)
−0.06
(4)

0.65a

(42a)
0.40b

(1)
Winter −0.28

(1)
−0.1
(10)

−0.18
(2)

0.01
(2)

Night Summer −0.34
(4)

−0.67a

(43a)
0.59a

(12a)
0.44b

Winter 0.21
(1)

−0.81a

(65a)
0.71a

(2b)
0.45b

(1)

a significant at the 0.01 level; b significant at the 0.05 level.
(Table 2). The negative impact of temperature on nighttime SUHII sug-
gests that the cities located in cold and dry regions have a larger SUHII
than those in hot and humid regions. This is different from the positive
relationship found in single cities (e.g., Li et al., 2011; Tran et al., 2006).
These results indicate that the relationship between SUHII and temper-
ature across cities (spatial) is different from that for single cities (tem-
poral), and that the concept of “replacing time by space” frequently
used in ecological research (Pickett, 1989) is not applicable to studying
the relationship between SUHII and climate.

Climate effects can be explained more directly by soil moisture dif-
ference (Oke, 1982; Oke, Johnson, Steyn, & Watson, 1991; Tran et al.,
2006). The hot–wet cities (i.e., the southern and eastern regions) nor-
mally had higher soil moisture content than cold–dry cities (i.e., the
Northwest) (Chow & Roth, 2006). Consequently, the hot–wet cities
e independent explanation rate (%) of each variable derived from stepwise multiple linear
ttime lights; BI, built-up intensity, defined as the percentage of landscape taken by built-up
tion;Δ indicates the difference between the urban and suburban areas. All the factorswere
grouped by season, but the other variables (i.e.,ΔNL, ΔBI, ΔDEM and UAS)were assumed

d database.

ΔDEM UAS MT TP Combined

0.06
(2)

0.33 −0.05 −0.25
(2)

–

(57)
0.23 0

(1)
0.35b

(30a)
0.39b

(15b)
–

(61)
−0.25
(2)

0.14
(1)

−0.52a

(4)
−0.63a

(7b)
–

(72)
−0.1 0.25

(5a)
−0.69a

(3a)
−0.65a

(12a)
–

(90)

image of Fig.�4


Fig. 6. Spatial distributions of the annual (A), summer (B), winter (C), and seasonal changes (Summer–Winter) (D) of the urban–suburban differences inWhite Sky Albedo (ΔWSA) across
China's 32 major cities averaged over the period 2003–2011.

Fig. 5. Spatial distributions of the annual (A), summer (B), winter (C), and seasonal amplitudes (Summer–Winter) (D) of the urban–suburban differences in enhanced vegetation index
(ΔEVI) across China's 32 major cities averaged over the period 2003–2011.
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generally promote larger urban–suburban difference in soil moisture
than cold-dry cities, resulting in higher daytime and lower nighttime
LST differences between urban and suburban areas (i.e., SUHII) and
thus larger SUHII differences between day and night (i.e., DSA). For ex-
ample, the East (with humid-hot climate) had an annual mean DSA of
0.68 [0.46, 0.91] °C, whereas the Northwest (with arid-cold climate)
had a negative DSA of −0.72 [−1.09, −0.40] °C (Table 1). In addition,
climate indirectly affect SUHII through regulating vegetation conditions
(Piao et al., 2003), surface albedo (Hall, 2004), and anthropogenic heat
emissions (Santamouris et al., 2001). For instance, we found that the
mean temperature correlated significantly with enhanced vegetation
index (r = −0.66, p b 0.01), surface albedo (r = 0.74, p b 0.01), and
nighttime lights (r = −0.64, p b 0.01) in winter across cities (Fig. 7).

4.1.6. City size and topography
Many previous studies found that the SUHII increasedwith city sizes

(Imhoff et al., 2010; Nichol, 1996; Streutker, 2002). In addition, the
SUHII should change with the urban–suburban difference in elevation
(ΔDEM) because of the orographic effect. This study did not reveal
Fig. 7. Correlations between the temperature and ΔEVI, ΔWSA, or ΔNL in win
significant relationship between SUHII and either of the factors
(Table 2). The small variations of city topography between urban and
suburban areas for most cities (i.e., the mean ΔDEM of all cities was
−13 m) was not enough to cause any elevation impact.

4.1.7. Combined effects
Overall, the factors integrated in this study explained a greater por-

tion of the SUHII's spatial variations at night compared to the day and in
winter relative to summer (Table 2). The joint explanatory power of
these drivers ranged from 57% during the day in summer to 90% during
the night inwinter, suggestingmore complicatedmechanisms underly-
ing the daytime SUHII's spatial patterns (particularly in summer), and
that other factors, such as landscape configuration, atmospheric envi-
ronment, and land use (Jáuregui & Luyando, 1999; Li et al., 2011; Oke,
1982), may play important roles. Previous studies suggested that vege-
tation largely determines the daytime SUHII distribution in summer
(Li et al., 2011; Peng et al., 2012; Tran et al., 2006; Yuan & Bauer,
2007). Our results indicated that anthropogenic heat emissions, which
was significantly related to vegetation activity, explained most of the
ter across China's 32 major cities averaged over the period 2003–2011.

image of Fig.�7
image of Fig.�5


Fig. 8. Conceptual diagram illustrating the possible driving forces of the SUHII spatial var-
iability. Dashed line indicates an insignificant correlation with SUHII according to this
analysis.
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SUHII spatial variability during the day in summer, while climate
explained themost daytime SUHII variability in winter. The albedo con-
tributed most to the nighttime SUHII's fluctuations regardless of season
(Table 2), which was consistent with the findings from Peng et al.
(2012) at global scale. The impact of vegetation did not show up in
the stepwise regressions directly, suggesting more detailed research is
needed to disentangle direct and indirect effects of vegetation on SUHII.

Climate might be the ultimate factor that defines the spatial pattern
of SUHII over large areas, and the impacts of most other factors
(e.g., vegetation and anthropogenic heat fluxes) might largely reflect
the climate effects (Fig. 8). Both diurnal and seasonal SUHIIs showed
similar patterns in each climate region (Fig. 3), which signifies the
ultimate effect of climate on the SUHII variations. The climate control
can be shownmore clearly by the strong relationship between the diur-
nal SUHII amplitude (DSA) and precipitation (r = 0.83, p b 0.01) or
temperature (r = 0.76, p b 0.01) (Fig. 9). For the cities with similar
climate conditions, other anthropogenic factors such as built-up inten-
sity may play important roles. For example, the nighttime SUHII in the
cities of East, Central-south, and Southwest China (with humid hot cli-
mates) related closely and positively to the ΔBI in both summer (r =
0.71, p b 0.01) and winter (r = 0.54, p b 0.05). City size, however, ex-
hibited insignificant relationship with the SUHII across cities even in
the same climate region.

4.2. Spatial patterns of SUHII in China and their drivers

Because of the possible different driving forces, the spatial pattern of
the annual mean daytime SUHII was different from that of nighttime
(Fig. 3). In the daytime, the annual mean SUHII was apparently weaker
in arid cities (Fig. 3A, Table 1), mostly owing to the shorter and sparser
Fig. 9. Relationships between the mean annual temperature (MAT) or mean annual pre-
cipitation (MAP) and the diurnal SUHII amplitude (DSA) across China's 32major cities av-
eraged over the period 2003–2011.
vegetation in their suburban areas compared to other regions (Fig. 5A).
For example, both the mean annual daytime SUHII and ΔEVI in the
Northwest were only half of those in the Central-south, respectively
(Table 1 and Fig. 5A). Similar observations were reported in other re-
gions around the world (Imhoff et al., 2010; Peña, 2008; Peng et al.,
2012). In contrast, low annual night SUHII was found in the southeast-
ern regions (Fig. 3B, Table 1), which can be explained by their high
soil moisture (induced by the humid-hot climate) and the low surface
albedo in the suburban areas (Fig. 6A). Shenyangwitnessed themost in-
tense SUHII across cites, which can be mainly attributed to the highest
EVI (in summer) and WSA differences between urban and suburban
areas of the city (Figs. 5 and 6) together with its relatively high built-
up intensity.

Large seasonal changes of SUHII with evident spatial distributions
were observed for the 32 cities. In the daytime, the SUHII was more in-
tense in summer than inwinter for nearly all the cities (Figs. 3F and 4C),
mainly because of the stronger evaporative cooling effects produced by
vegetation over suburbs in summer than in winter (Fig. 5D) (Imhoff
et al., 2010; Jin, 2012; Tran et al., 2006). In particular, the Northeast,
with humid-cold climate, witnessed the largest seasonal SUHII ampli-
tude (Fig. 3J, Table 1), which might be caused by its seasonal change
of vegetation activity, also the largest among all regions, characterized
by intensive agricultural practices in summer and defoliation in winter
(Piao et al., 2003). Conversely, the SUHII was weaker in summer than
in winter for most of the cities during the nighttime, particularly in
the northern regions (Figs. 3K and 4D). Three factors might contribute
to this phenomenon. First, the albedo differences between urban and
suburbs were more pronounced during winter than summer because
of defoliation and/or snow and ice coverage for most cities, particularly
for the high-latitude cities (Fig. 6D), which in turn increase the night
SUHII in winter (Table 2). Second, lower soil moisture in winter than
in summer over most regions, influenced by the monsoon climate
(Wu et al., 2005), could drive a larger nighttime SUHII in winter than
in summer (Table 2) through reducing heat storage and subsequent re-
lease at night in the suburban zones. Finally, the heating-created an-
thropogenic heat flux in urban areas during winter, especially for the
high-latitude cities where central heating systems are used extensively,
can indirectly strengthen SUHII.

Our results showed that whether the day SUHII for a city is higher
than the night SUHII depends strongly on the climate region and time
period, suggesting caution when interpreting and extrapolating results.
For example, Imhoff et al. (2010) and Peng et al. (2012) concluded that
the annualmean SUHII was larger in the day than at night across big cit-
ies at regional and global levels. However, our results differed from
these studies showing the overall annual mean daytime and nighttime
SUHII were roughly equal across 32 cities (Table 1). This can be attribut-
ed to the difference in the distributions of the cities across climate
regions. Two observations from this study further confirmed the impor-
tance of climate zones. First, the annual mean SUHII was higher in the
day than at night when the cities in the humid coastal regions were ex-
amined only (Fig. 3C), similar to the findings from Imhoff et al. (2010)
and Peng et al. (2012). Second, the annual mean SUHII demonstrated
a strong variability across different climate regions of China (Fig. 3A
and B), suggesting the change of research region can lead different re-
sults. In addition, the characteristics of SUHII vary greatly with season
as well. For example, a higher SUHII in summer than in winter was
most likely observed for the day, with the opposite for the night
(Fig. 4A and B). It is therefore necessary to realize the empirical nature
of the observed large-scale SUHII's patterns because of their depen-
dence on space and time.

4.3. Uncertainties and suggestions

Uncertainties existed in the SUHII's distributions in this analysis.
First, a negative daytimeSUHIIwas observed in somenorthern or north-
western cities during winter (Fig. 3G). The reason for this unexpected
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phenomenon was not clear, but might be related to the atmospheric
environments. For example, the air pollution, peaked in winter for
most cities in China especially for the northern cities because of the
large amount of coal burned for heating (He, Huo, & Zhang, 2002) and
the impacts were not corrected in the MODIS LST products (Wan,
2008), decreased the incoming short wave solar radiation in urban
areas relative to surrounding suburbs (Sang, Liu, Liu, & Zhang, 2000),
which might artificially result in a negative SUHII. Second, a large frac-
tion of the daytime SUHII fluctuations (43% in summer and 39% in win-
ter) remained unexplained by the drivers included in current research
(Table 2). These two issues highlighted the importance of considering
more variables in future SUHII studies, such as landscape configuration
(Arnfield, 2003; Li et al., 2011; Oke, 1982), atmospheric environment
(Jáuregui & luyando, 1999), land use, the presence of water bodies,
and the nature of soils (Jin, Dickinson, et al., 2005; Morris, Simmonds,
& Plummer, 2001; Oke, 1982). Third, there are multicollinearity prob-
lems among different factors, and multiple statistical techniques might
be needed to enhance the reliability and interpretation of the driving
forces. Fourth, we used dynamic urban coverage maps to delineate
urban and suburban areas for each city in this study in order to reflect
the actual SUHII situations impacted by rapid urban expansion. For ex-
ample, the urban areas for the 32 major Chinese cities increased by 1.3
times on average between 2000 and 2010. This stressed the necessity
of a more detailed work to quantify the possible SUHII biases induced
by using the static urban coverage map as most previous studies did
(e.g., Clinton & Gong, 2013; Imhoff et al., 2010; Peng et al., 2012) in
future.

Despite the above uncertainties, this study confirmed the impor-
tance of vegetation in mitigating SUHII during the daytime in summer
as advocated by many previous studies (e.g., Li et al., 2011; Peng et al.,
2012; Yuan & Bauer, 2007). Beyond that, we recommend that more at-
tention should be paid to the other climate mitigation actions, such as
an increase in urban surface albedo and a reduction in anthropogenic
heat emissions. For example, we can increase urban surface albedo
using solar-reflective materials and landscape configuration, and
decrease anthropogenic heat emissions by promoting energy-saving
consciousness and products (Arnfield, 2003; Jin, Shepherd, et al.,
2005; Li et al., 2011; Oke, 1982).

5. Conclusions

This study analyzed the diurnal and seasonal SUHIIs in 32major cit-
ies across different regions of China. Because China is characterized by
complex zonal variations, this research provides valuable information
on assessing urban heat island at regional scale. Our results indicated
the SUHII differed substantially between day and night, with distinct
climate-driven patterns, characterized by a higher SUHII in the south-
eastern parts of China in the day, and in the northern regions of the
country at night compared with other regions. In particular, the North-
east, with humid-cold climate, experienced the most intense SUHII
across China. In addition, the SUHII varied greatlywith season, indicated
by a relatively higher intensity in the day for the summer and at night
for winter across most cities. As a result, whether the daytime SUHII
was higher or lower than the nighttime SUHII depends strongly on the
climate region and time period investigated.

The SUHII distribution in the day correlated significantly to vegeta-
tion activity and anthropogenic heat emissions in summer and to cli-
mate in winter, and at night was related closely to surface albedo,
anthropogenic heat emissions, built-up intensity, and climate in both
seasons. Overall, climate showed ultimate control on the SUHII spatial
variability. A much smaller fraction of the SUHII variations was ex-
plained by the factors included in this study in the day compared to
night and in summer relative to winter (day vs. night: 57% vs. 72% in
summer, and 61% vs. 90% in winter, respectively), indicatingmore com-
plicated mechanisms underlying the spatial patterns of SUHII in the
daytime, especially in summer. Our results highlight the different
diurnal (day and night) and seasonal (summer andwinter) SUHII's spa-
tial patterns and the underlying mechanisms, suggesting caution when
extrapolating results across space and timewithout complexmodeling.
To mitigate UHI effects, we recommend that efforts should be targeted
to increase urban vegetation activity and surface albedo, and reduce an-
thropogenic heat emissions.
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