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Abstract

This study compared the diurnal and seasonal cycles of atmospheric and surface urban heat
islands (UHIs) based on hourly air temperatures (Ta) collected at 65 out of 262 stations in Beijing and land
surface temperature (Ts) derived from Moderate Resolution Imaging Spectroradiometer in the years 2013–2014.
We found that the nighttime atmospheric and surface UHIs referenced to rural cropland stations exhibited
signiﬁcant seasonal cycles, with the highest in winter. However, the seasonal variations in the nighttime UHIs
referenced to mountainous forest stations were negligible, because mountainous forests have a higher nighttime
Ts in winter and a lower nighttime Ta in summer than rural croplands. Daytime surface UHIs showed strong
seasonal cycles, with the highest in summer. The daytime atmospheric UHIs exhibited a similar but less seasonal
cycle under clear-sky conditions, which was not apparent under cloudy-sky conditions. Atmospheric UHIs in
urban parks were higher in daytime. Nighttime atmospheric UHIs are inﬂuenced by energy stored in urban
materials during daytime and released during nighttime. The stronger anthropogenic heat release in winter
causes atmospheric UHIs to increase with time during winter nights, but decrease with time during summer
nights. The percentage of impervious surfaces is responsible for 49%–54% of the nighttime atmospheric UHI
variability and 31%–38% of the daytime surface UHI variability. However, the nighttime surface UHI was nearly
uncorrelated with the percentage of impervious surfaces around the urban stations.

1. Introduction
Although urban areas occupy less than 0.5% of the Earth’s land surface [Schneider et al., 2009], they
contain more than half of the global population (http://esa.un.org/unpd/wup/Publications/Files/WUP2014Highlights.pdf). The term “urban heat island” (UHI) refers to the phenomenon of urban areas being warmer
than surrounding rural areas. UHI occurs in almost all urban areas [Stewart and Oke, 2012]. The possible causes
of UHI have been outlined [Oke, 1982; Stewart and Oke, 2012]: (1) greater absorption of solar radiation in the
urban areas, (2) lower efﬁciency of longwave radiation emission in the urban areas, (3) energy storage by
buildings and paved surfaces in the urban areas and its release, (4) lower evaporative cooling in urban areas
due to lower vegetation coverage, and (5) anthropogenic heat release in urban areas. UHIs play important
roles in local and regional climates [Chen et al., 2015; Rosenfeld, 2000; Zhou et al., 2004], air pollution [Sarrat
et al., 2006], and human health [Rydin et al., 2012]. There has been increasing interest in the effect of UHIs
on the homogeneity of air temperature (Ta) observations [Jones and Lister, 2009; Karl et al., 1988; Karl and
Jones, 1989; Parker, 2010; Ren and Zhou, 2014].
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The ﬁrst study of UHIs dates to the early 19th century [Howard, 1833]; since that time, UHIs have been
extensively investigated in cities of different sizes and climates [Arnﬁeld, 2003; Chow et al., 2012; Oke
et al., 1991]. Air temperature (Ta) data collected at urban and rural weather stations have long been
compared to study atmospheric UHIs [Oke, 1973]. In general, nighttime atmospheric UHIs are stronger than
daytime ones [Oke and Cleugh, 1987], atmospheric UHIs in high-rise city centers are stronger than those in
residential suburbs, and atmospheric UHIs can be completely eliminated in city parks [Parker, 2010;
Peterson, 2003].
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Urban areas are complex and heterogeneous environments; therefore, measurements from single urban
monitoring stations do not provide sufﬁcient detail for urban climate research and decision-making
applications [Oke, 2008]. Monitoring UHIs with dense sensor networks can improve understanding of the
urban environment [Chapman et al., 2013; Muller et al., 2013a; Azevedo et al., 2016]. With a highly dense urban
monitoring network, Bassett et al. [2016] studied the effect of urban heat advection on UHIs in Birmingham,
UK. The data from a dense urban meteorological network were analyzed to show the spatial heterogeneity
and temporal variability of atmospheric UHI in the Twin Cities (Minneapolis-St. Paul, MN, USA) [Smoliak
et al., 2015]. The data from the Oklahoma City urban meteorological network (36 stations) in 2009 and
2010 were used to investigate the spatial variability of UHIs and their results do not support the roughness
warming theory to explain atmospheric UHI [Hu et al., 2016]. Ta at 64 stations of the Beijing meteorological
urban network has been used to analyze the spatial and temporal characteristics of UHIs over the densely
populated areas [Yang et al., 2013].
Satellite-derived land surface temperature (Ts) data have also been employed to investigate the surface UHI
phenomenon [Jin and Shepherd, 2005; Price, 1979; Roth et al., 1989; Voogt and Oke, 2003]. Satellite Ts data
enable easy assessments of surface UHIs across cities worldwide [Clinton and Gong, 2013; Imhoff et al.,
2010; Mertes et al., 2015; Peng et al., 2012]. Satellite data also facilitate analyses of the spatial variability of
surface UHIs within cities [Weng, 2009; Weng et al., 2004].
Signiﬁcant differences between atmospheric and surface UHIs have been reported [Arnﬁeld, 2003]. For example, surface UHIs are the highest during summer daytime [Imhoff et al., 2010], whereas atmospheric UHIs are
the strongest during winter nighttime [Oke and Cleugh, 1987]. Furthermore, surface UHIs exhibit greater
dependencies on background climates [Zhao et al., 2014], and their intensities can be negative in arid areas
[Price, 1979], i.e., urban areas can be cooler than the surrounding rural areas; such a situation is referred to as
an “urban cool island” [Theeuwes et al., 2015]. One reason for such debates is that studies on atmospheric
UHIs based on Ta concentrate more on the nighttime, whereas studies of surface UHIs focus on the daytime
[Weng et al., 2004; Zhao et al., 2014]. The cause of daytime surface UHIs may differ from that of nighttime
surface UHIs [Peng et al., 2012].
Numerous studies have been conducted to study UHIs over Beijing, the majority focusing on surface UHIs
derived from satellite-derived Ts data. Liu et al. [2016] showed that the surface UHI over Beijing is more
obvious from May to October and claimed that the surface UHI is inconsistent with the atmospheric UHI;
however, Y. Lu et al. [2014] demonstrated that temporal changes of surface and atmospheric UHIs have high
consistency. Speciﬁcally, Sun et al. [2015] reported that surface UHIs agree well with atmospheric UHIs during
nighttime, but they differ substantially during daytime in intensity or spatial pattern.
Changes in land cover, vegetation growth, and urban expansion with more compact structures are suggested
as primary controlling factors of atmospheric and surface UHIs in Beijing. Xu and Liu [2015] observed that
daytime (10:42 A.M., Beijing time) atmospheric UHIs, based on the calculated Ta with derived Ts from
Landsat imagery on 26 July 2011, increased signiﬁcantly with impervious surface coverage. Peng et al.
[2016] suggested that urban landscape types such as built-up areas and barren land make the most signiﬁcant contribution. Chen et al. [2014] also argued that the percentage of impervious surface is the most important factor determining surface UHIs and can account for 56% of the variance of surface UHIs. Feng et al.
[2014] found that urban growth has little impact on surface UHIs. Choi et al. [2014] showed that surface
UHIs over Beijing had a strong negative correlation with vegetation coverage during daytime, but such a relation was not observed during nighttime. Kuang et al. [2015] studied the relationship between surface UHIs
and vegetation coverage over Beijing and argued that the city should upgrade the traditional low-rise
residential areas to high-rise residential areas to reduce UHI intensity.
We have not identiﬁed any published study using both Ta and Ts data to directly compare these two types of
UHIs over various types of city land cover and use. Additionally, both types of UHIs have important diurnal
and seasonal cycles, which can reveal important information regarding the causes of the UHIs. To gain insight
into the dynamics of UHIs and their determining factors, we investigated UHIs using hourly Ta observations
collected at 262 stations in the Beijing urban meteorological network and Ts retrievals 4 times daily based
on satellite observations made by the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard
the NASA Earth Observation System (EOS) Terra and Aqua polar orbit satellite platforms in the years
2013–2014. In this study, the diurnal and seasonal cycles of atmospheric and surface UHIs were compared
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over different urban and rural land
cover types. The dependency of the
atmospheric and surface UHIs on the
rural background (i.e., rural croplands
or mountainous forests) and their relation with the percentage of impervious
surfaces of urban stations were carefully
examined. From these analyses, the
differences in their variabilities were
demonstrated, and their determining
factors were inferred.

2. Data and Study Area
2.1. Beijing Urban
Meteorological Network

Figure 1. (a) Land cover types in 2013 over the Beijing metropolitan
region based on Landsat satellite observations at 30 m resolution [Wang
et al., 2015]. (b) Map of the 262 automatic weather stations and their
annual mean air temperature (Ta) readings. The elevation of the study area
is shown in the inset in Figure 1b (top left). We selected 45 urban stations in
central urban areas to study atmospheric and surface UHIs and their
dependence on the percentage of impervious surfaces of the urban stations. Furthermore, we selected 11 rural cropland stations and 9 mountainous forest stations as rural reference stations to investigate the impact
of the selection of rural reference stations on the UHIs. Clearly, the 2 year
annual mean Ta over the northwest is lower due to their higher surface
elevation. To reduce this impact, we corrected the temperatures (including
Ta and Ts) by assuming that they decreased with height at a rate of 0.6°C
per 100 m. This correction was empirical and may have a large uncertainty.

Beijing, the capital of the People’s
Republic of China, is located in the
northern portion of the North China
Plain (Figure 1a). The city is situated on
a plain at an altitude of 20–60 m above
sea level (Figure 1b). Mountains are situated in the northern and western
regions of the city, with elevations up
to 1500 m. The Beijing metropolitan
area had a permanent resident population of 21 million in 2013. Its annual
energy consumption in 2013 was
6.7 × 107 t of standard coal energy.
Beijing experiences a typical monsoon
climate with approximately 500 mm of
total annual precipitation, and most
rainfall occurs during the wet season
(June to September).

Generally, a typical weather station
should be ideally established in an open
grassland away from tall buildings with
the size ranging from 10 m × 7 m to
25 m × 25 m according to the World
Meteorological Organization guide.
Satisfying this requirement of location
and size for an urban automatic weather
station (AWS) can be difﬁcult. Failure to
meet this requirement may introduce
biases into large-scale climate change
studies [Parker, 2006, 2010; Pielke et al., 2007a; Pielke et al., 2007b] but is helpful in studying local environment,
i.e., UHIs.
To better understand UHIs, researchers came up with different schemes for the deployment of urban meteorological stations. For example, Oke [2008] simply divided urban areas into seven homogenous regions to
improve the siting of meteorological instruments in urban areas. The Beijing urban meteorological network
AWS was deployed without changing the original land use in the urban areas (Figure 2), thus enabling UHI
investigations for typical types of urban land cover. Approximately 300 AWSs have been deployed in the
Beijing metropolitan region. The deployment of AWSs was relatively denser in primary urban districts
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Figure 2. (a1–a4) Photos and (b1–b4) Google Earth maps of four selected urban AWSs. The warning tower station, in which an air temperature sensor was deployed
on a 16.6-m high meteorological early warning tower on the street (Figures 2a1 and 2b1). The Tian’anmen Square station, which is located in a small green belt
in Tian’anmen Square (Figures 2a2 and 2b2). The China Meteorological Administration station, which is located in a standard weather station but surrounded by high
buildings (Figures 2a3 and 2b3). The Temple of Heaven Park station, which is located in the Temple of Heaven Park (Figures 2a4 and 2b4).

(Figure 1), and most AWSs were set in green belts in dense-constructed areas (Figure 2). The ground area size
of each AWS depends on the regional background of its deployment, with the maximum area reaching
25 m × 25 m, and there may be no fence around some urban AWSs because of the complex situation.
In general, two types of AWS system were used in the Beijing urban meteorological network: Vaisala
MAWS301 and CAWS600. The two types of AWS system use similar air temperature sensors, which have
an accuracy of ±0.3°C at 20°C. The AWSs record minute averages of air temperature, relative humidity,
atmospheric pressure, wind speed and direction, and precipitation at 1.5 m above ground. AWS data
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with temporal resolutions of 1 min, 5 min, and 1 h were transferred to a data center, and extensive
quality control procedures were performed, including checks of the plausible values, time consistency,
internal consistency, historical values, and spatial distribution [Dou et al., 2008; L. Lu et al., 2014]. In 2013
and 2014, there were 262 AWSs in metropolitan Beijing that were functioning well and providing data
(Figure 1).
Because of the growing use of urban meteorological data, it is imperative that the network of AWSs is of high
quality and implemented to a high standard [Muller et al., 2013a]. Studies have shown that the Ta data
collected by the Beijing urban meteorological network AWSs are reliable [Yang et al., 2011]. Compared with
1 min and 5 min data, the hourly data are of the highest quality and quite reliable, and we therefore used
hourly Ta data in this study [Yang et al., 2011]. The major factor that affects the accuracy of Ta is missing data
[L. Lu et al., 2014]. The total data missing rate of Ta of the Beijing urban meteorological network is 3.8%, and
the data missing rate is generally less than 1% for most stations [Yang et al., 2011]. Questionable data were
ﬂagged and not included in this study.
2.2. MODIS Satellite-Derived Land Surface Temperatures
Satellite-derived Ts data have been extensively applied to studies of UHIs since the late 1970s and, in particular, to studies of UHIs during the daytime [Gallo et al., 1995; Kidder and Wu, 1987; Price, 1979; Roth et al., 1989].
Satellite Ts data with high spatial resolution have the advantage of reﬂecting UHI texture information [Gluch
et al., 2006], whereas satellite Ts data with high temporal resolution and low spatial resolution have the
advantage of characterizing the seasonal variability in UHIs [Pu et al., 2006]. In this study, we employed
MODIS-derived Ts data to investigate the diurnal and seasonal cycles of the UHIs in the Beijing metropolitan
area. The MODIS instruments that are onboard NASA EOS satellite platforms observe Beijing 4 times per day
at approximately 01:30, 10:30, 13:30, and 22:30 local Beijing time.
In this study, we employed the Ts product at a 1 km resolution, which was retrieved via a split-window
algorithm by using the land-cover-type-based surface emissivity [Wan and Dozier, 1996]. A MODIS pixel
has a spatial resolution of 1 km2 at nadir; however, the resolution can easily increase to several km2 at wide
scan angles from 0° (nadir) to 65° [Justice et al., 1998; Wolfe et al., 2002]. Although this Ts product was
resampled to 1 km2, it may convey Ts information over a much larger area. Validation studies have demonstrated the reasonable accuracy of this Ts product, which has an error standard deviation of 1–2°C [Wan
et al., 2002; Wang and Liang, 2009; Wang et al., 2007a].
The MODIS Ts product has been employed to analyze UHIs on regional and global scales [Clinton and Gong,
2013; Mertes et al., 2015; Wang et al., 2007b]. The view zenith angle of MODIS varies from 0° to 65° [Justice
et al., 1998; Wolfe et al., 2002]. The anisotropic effects of longwave radiation emission can be important for
high view zenith angle (i.e., >55°) [Kribus et al., 2003; McAtee et al., 2003]. However, studies have shown that
the anisotropic effect in urban and rural areas is not an important issue when using MODIS Ts products to
study UHIs [Wang et al., 2007b]. In this study, we further smoothed the time series of surface UHIs with a
15 day window to reduce the anisotropic effect of Ts on the surface UHIs [Lagouarde et al., 2012; Lagouarde
et al., 2004].

3. Method
Forty-ﬁve stations in the central urban area were used as urban stations to study atmospheric and surface
UHIs (Figure 1). To reveal the impact of urban impervious surfaces on the UHIs, we calculated the percentage
of impervious surfaces within a circle around the stations using land cover data with a spatial resolution of
30 m derived from Landsat imagery data in 2013 [Li et al., 2015; Wang et al., 2015]. The amount of impervious
surfaces can well represent the urbanization situation. For a circular area of 1 km2, the percentage of impervious surfaces varied from 10% (i.e., the station in Olympic Park) to nearly 100% (i.e., the station in Tian’anmen
Square) (Figure 3). This range narrowed as the circular area increased. For most stations, the percentage of
impervious surfaces varied from 50% to 90% when the circular area was 5 km2 (Figure 3). In this study, a
1 km2 circle was selected because the MODIS Ts data used here have a spatial resolution of 1 km2. By sorting
the UHIs according to the percentage of impervious surfaces, we were able to clearly illustrate the impact of
the impervious surfaces on the UHIs.
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Figure 3. The dependence of the percentage of impervious surfaces of
the 45 urban stations (as shown in Figure 1) on the scale of the calculation area. Each colored line represents an urban station. When the circular
2
area used in the calculation was 1 km , the percentage of impervious
surfaces varied from 10% to nearly 100%. This range narrowed as the
circular area used was increased. For most stations, the percentage of
impervious surfaces varied from 50% to 90% when the calculation circular
2
area was 5 km . Three typical stations were shown in thick solid lines.
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Here we divided urban surfaces into the
following two types: vegetation and
impervious surfaces. Impervious surfaces in this study include the canopy
surfaces of buildings, roads, squares,
and all other impervious constructions,
which can well represent the urbanization situation, particularly in primary
urban areas. We did not divide the surface into more detailed types. The
three-dimensional urban morphology
around the AWS may signiﬁcantly affect
the UHIs [Muller et al., 2013b; Stewart
and Oke, 2012; Susaki et al., 2014].
However, we lack such data, and their
impacts were not discussed quantitatively in this study. We selected four
urban stations with strong variations in
sky-view factors to qualitatively present
their impacts (Figure 2).

For this study, we selected 4 out of the
45 urban stations to illustrate the diurnal and seasonal variations in their
atmospheric and surface UHIs; fewer
ﬁeld sites in representative locations
are preferable to more sites in unrepresentative locations for the purpose of estimating UHI magnitude [Stewart, 2011]. Photos of the stations
and Google Earth images around the stations are presented in Figure 2, and the locations of the four stations
are presented in Figure 4. At the warning tower station, the AWS was located at a height of 16.6 m in a
meteorological early warning tower on a street with tall buildings nearby. Its percentage of impervious
surfaces was 91%. The Tian’anmen Square station was located in the vegetation belt of Tian’anmen Square
with 98% of impervious surfaces, but distant from tall buildings. The station in China Meteorological
Administration had 91% of impervious surfaces, and tall buildings were nearby. The Temple of Heaven
Park station in the Temple of Heaven
Park was surrounded by trees and had
32% of urban impervious surfaces, and
the park was quite close to the center
of the urban area. The percentage of
impervious surfaces at the Temple of
Heaven Park station increased with the
circular area (Figure 3). Except for the
warning tower station, the air temperature sensors were deployed 1.5 m above
the surface, similar to a general
weather station.

Figure 4. The magniﬁed map of automatic weather stations. The second
and ﬁfth ring roads of Beijing City were shown in solid black lines. Land
cover types in 30 m resolution was shown as background. The selected
four urban stations were marked in the ﬁgure: (a) the warning tower station, (b) the Tian’anmen Square station, (c) the China Meteorological
Administration station, and (d) the Temple of Heaven Park station, which
is located in the Temple of Heaven Park.
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The four stations were selected because
they have strong contrast with their
surrounding environments, i.e., vegetation coverage and sky-view factors. The
normalized difference vegetation index
(NDVI) of the four typical stations at
the scale of 1.25 km derived from
MODIS was shown in Figure 5, from
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which one can identify obvious differences in green vegetation between
these stations. The Temple of Heaven
Park station is located near the center
of the primary urban zones but with
dense vegetation coverage (Figure 2).
Therefore, its UHIs are weakly affected
by urban structure but can be
inﬂuenced by anthropogenic heat
transported from nearby urban areas.
Conversely, the Tian’anmen Square
station and Chinese Meteorological
Administration stations are strongly
Figure 5. Time series of the normalized difference vegetation index
affected by urban buildings, although
(NDVI) derived from MODIS observations in the years 2013–2014.
the former has a high-sky-view factor
and the latter is surrounded by high
buildings and has a low-sky-view factor (Figure 2). The warning tower station was selected to demonstrate
the impact of the measurement height on atmospheric UHIs (Figure 2). The different combinations of the four
stations enabled us to study the impacts of the openness of urban landforms around the stations and the air
temperature measurement heights on
the atmospheric and surface UHIs.
The rural cropland reference stations
were selected based on the following
three considerations: (1) The percentage of impervious surfaces around the
stations had to be less than 30%, and
the percentage of croplands had to be
greater than 65%. (2) The surface
elevation had to be less than 60 m
above the mean sea level, which is
nearly equal to the level of the urban
stations. (3) The rural sites had to be outside major urban areas. Eleven stations
met these requirements, as shown in
Figure 1, and their data were averaged
to represent a typical rural cropland
station. Most crops in Beijing metropolitan grow in the summer and are
harvested in October (Figures 5 and 6),
such as wheat and corn.

Figure 6. (a) Photos and Google Earth maps (b) during summer and (c)
during winter of one typical rural cropland station (Gaoliying).
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Existing studies have reported that the
selection of a rural reference station
has a great impact on estimates of
UHI intensity [Hawkins et al., 2004;
Sakakibara and Owa, 2005; Schwarz
et al., 2011; Wang et al., 2007b]. We
therefore also selected nine mountainous forest stations averaged as rural
references and calculated their corresponding UHIs. The selection of mountainous forest stations was based on
the following requirements: (1) The ratio
of urban impervious surfaces had to be
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Figure 7. Time series of the (a1–a3) composite hourly air temperatures (Ta, ) and (b1–b3) hourly Ta change rates over six
urban and rural stations. To reduce the impact of missing data and random measurement errors, we averaged the
hourly air temperature (Ta) data within a given month to obtain hourly Ta values for each month, which were averaged to
yield summer (June–August; Figure 7a1), winter (December–February; Figure 7a2), and annual (January–December;
Figure 7a3) hourly Ta values. The data used here cover the period of 2013–2014.

less than 15%, and the ratio of forests had to be greater than 70%. (2) The surface elevation had to be less
than 300 m above the mean sea level, in order to reduce the impact of surface elevation on Ta and Ts. (3)
The rural sites had to be outside a major urban area. Because all of the selected mountainous forest
stations were located in mountainous areas, their surface elevations are much higher than those of the
urban stations. We corrected the temperatures (including Ta and Ts) by assuming that they decreased with
height at a rate of 0.6°C per 100 m. This correction was empirical and may have a large uncertainty.
Therefore, when comparing the UHIs referenced to mountainous forest stations with those referenced to
rural cropland stations, we focused on their diurnal or seasonal changes rather than their absolute values.
To reduce the impact of the observational bias, we merged the data Ta or Ts of the 11 rural cropland stations
together and obtained a rural cropland reference to study UHIs referenced to rural croplands. Similarly, we
averaged Ta or Ts of the nine mountainous forest stations together after correcting for the impact of their
surface elevations. When comparing the diurnal variability of UHIs, we ﬁrst averaged the hourly Ta values
in a given month to yield typical hourly Ta values for each station for each month; from these values, the seasonal and annual hourly averages shown in Figures 7–10 were calculated. When comparing seasonal variabilities (Figure 11), we used the method of linear interpolation to pair each available Ts datum with the AWS
hourly Ta based on the satellite overpass time to reduce the impact of contemporaneous problems
[Lowry, 1977].
The Ts data used in this study were retrieved from MODIS thermal infrared observations. Because the MODIS
infrared detectors cannot penetrate clouds, the MODIS data are only available under clear-sky conditions. In
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Figure 8. Time series of the (a1–a4) hourly atmospheric UHI data and (b1–b4) hourly atmospheric UHI change rates in
terms of air temperature (Ta) at different urban stations, with rural cropland stations used as the rural references. The
data processing method shown in Figure 7 was employed.

this study, we consider that it is a clear-sky condition if the MODIS Ts retrieval is available; otherwise, it is a
cloudy condition. This deﬁnition of cloudy conditions is slightly different from a deﬁnition based on cloud
fraction, i.e., cloud fraction being larger than 0.2 [An and Wang, 2015]. A recent study observed that these
two deﬁnitions are quite consistent under most conditions [An and Wang, 2015]. We paired each available
Ts datum (a maximum of four per day) with the AWS Ta (under clear-sky conditions) and Tac (under cloudy
conditions) based on the satellite overpass time at each station.

4. Results and Discussion
4.1. Diurnal and Seasonal Cycles of Atmospheric UHIs
Figure 7 depicts the summer (June–August), winter (December–February), and annual (entire year) diurnal
cycles of Ta and their temporal evolution at different urban (including the urban park station) and rural
stations in Beijing. The amplitudes of the Ta diurnal cycles differed signiﬁcantly between the urban and rural
stations. The most obvious difference occurred during nighttime. Urban areas were 3°C warmer during
summer nights; this difference was twice as large in winter. Because the Temple of Heaven Park station
was surrounded by trees (Figure 2), its nighttime Ta was similar to that of rural croplands in summer nighttime
but was much greater in winter nighttime (Figure 7).
The Ta over mountainous forest stations was approximately the same as that of rural cropland stations during
nighttime in winter, but it was much less over the mountainous forest stations than that over the rural cropland stations during summer nights. The absolute temperature value in mountainous forest stations may be
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Figure 9. The same as Figure 8 but the mountainous forest stations were used as the rural references for the UHIs.

affected by the correction of assuming a constant long-term lapse rate of 0.6°C per 100 m. Therefore, we
focused on the diurnal or seasonal changes of Ts and Ta rather than their absolute values in the analysis.
These differences in the diurnal cycles of Ta for the urban and rural stations lie in the heating and cooling
rates of the different surface materials. After sunrise, Ta began to increase. However, the time at which Ta
began to increase over the urban stations, except for the urban park station, was approximately 1 h later than
that of the croplands and mountainous forest stations. The rate of increase over the rural croplands and
mountainous forests was much greater than that over the typical urban stations, including the warning
tower, Tian’anmen Square, and China Meteorological Administration stations. The rate of increase in Ta over
the rural cropland and mountainous forest stations in winter was also greater than that in summer, and the
highest rate of increase was approximately 3°C h 1 in winter and 2°C h 1 in summer. By contrast, for the
urban stations, the rate of increase was approximately the same in summer and winter, with a maximum
warming rate of 1°C h 1.
Another signiﬁcant difference between the urban and rural stations was that the maximum hourly temperature change rate at the rural stations occurred approximately 1–2 h earlier than that at the urban stations,
except for the urban park station. In the afternoon, especially after 14:00, the rate of energy gain was less than
the rate of energy loss, and Ta thus decreased at both the rural and urban stations. Similarly, the rate of
decrease at the urban stations was much less than that at the rural stations. The maximum rate of decrease
at the rural stations occurred approximately 1–2 h later than that at the urban stations, particularly in winter.
Figures 8a1–8a4 depict the atmospheric UHI over the selected four urban stations, with the rural cropland
stations used as a rural reference. The nighttime atmospheric UHI was stronger and more stable than the daytime atmospheric UHI. The nighttime atmospheric UHI in winter was approximately 2°C greater than that in
summer. The atmospheric UHI increased in winter nighttime, whereas it decreased in summer nighttime.
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Figure 10. Time series of the monthly mean daytime (10:00 A.M. to 04:00 P.M.) and nighttime (10:00 P.M. to 04:00 A.M.)
atmospheric UHIs according to air temperature (Ta) over different urban stations, with rural cropland stations and mountainous forest stations used as rural references, respectively.

These diurnal and seasonal variations were related to anthropogenic heat release caused by human activities,
which is an important factor besides urban structure in determining atmospheric UHI.
It is acknowledged that human activities in urban areas emit a large amount of heat that can directly heat the
air in and above the urban canopy. The heat can be released near the ground from motor trafﬁc or from the
roofs and walls of buildings. In general, anthropogenic heat release is greater in winter than in summer and is
several times greater in the daytime than in the nighttime [Iamarino et al., 2012; Ichinose et al., 1999; Sailor
et al., 2015; Tong et al., 2004]. In addition, heat is supplied all day in the urban area of Beijing during winter.
Therefore, such changing anthropogenic heat release with time in different seasons caused the atmospheric
UHI to be stronger at night, to increase with time during winter nights, and to decrease with time during
summer nights (Figure 8).
The summer, winter, and annual mean values of nighttime atmospheric UHI at typical urban stations except
for the park station were about 1.5°C, 2°C, and 1.8°C, respectively. Compared to the previous studies on atmospheric UHI over Beijing, the values were a little higher in our result. For example, Yang et al. [2013] analyzed
the atmospheric UHIs at 64 meteorological stations and showed that the mean values of atmospheric UHI
were 0.92°C and 1.65°C in summer and winter, respectively. Y. Lu et al. [2014] used meteorological observations over 20 stations in 2012 and showed that the annual mean atmospheric UHI was 1.3°C. This is because
in this study we selected typical rural stations as rural reference (see section 4.2).
The atmospheric UHI at the Temple of Heaven Park station referenced to the rural cropland stations was
stronger at daytime than at nighttime, which was quite different from the other three selected stations
(Figure 8). The summer nighttime atmospheric UHI at the city park station was nearly zero, whereas the
winter nighttime atmospheric UHI was approximately 1°C. We attributed the result to anthropogenic impacts.
First, the Temple of Heaven Park station was set in the park which was quite close to the center of the urban
area. Therefore, this station will inevitably be affected by anthropogenic impacts. Second, the station was not
surrounded by buildings (Figure 2) and was not affected by the shadow effect of solar radiation during
daytime and long-wave radiation reemitted from the nearby urban fabric material nighttime. Third, the
diurnal cycle of Ta at the Temple of Heaven Park station is more similar to rural croplands and mountainous
forests than other urban stations (Figure 7); i.e., Ta began to increase in the park approximately 1 h earlier than
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Figure 11. Time series of the (a1–a4) surface UHIs according to land surface temperature (Ts) at four time points during
MODIS overpasses and (b1–b4) atmospheric UHIs according to air temperature (Ta) at the same times, with rural cropland stations used as the rural reference. For comparison, the (c1–c4) atmospheric UHIs according to Ta under cloudy
conditions are also shown (Tac). To reduce random errors and depict the seasonal UHI cycle, we smoothed the UHIs with a
window of 15 days. Figures 11a1, 11b1, and 11c1 correspond to the UHIs of the warning tower; Figures 11a2, 11b2, and
11c2 correspond to the UHIs of Tian’anmen Square; Figures 11a3, 11b3, and 11c3 correspond to the UHIs of the China
Meteorological Administration; Figures 11a4, 11b4, and 11c4 correspond to the UHIs of the Temple of Heaven Park.

that at the China Meteorological Administration station (Figure 7), which was surrounded by tall buildings.
Therefore, the atmospheric UHI at the Temple of Heaven Park was likely to be dominated by anthropogenic
heat which was stronger at daytime as well.
The temporal evolution of the atmospheric UHIs according to Ta at various urban stations is depicted in
Figures 8b1–8b4. The atmospheric UHIs decreased after sunrise, and the rate of decrease reached a maximum 3 h later; however, the atmospheric UHIs continued to decrease during the morning. The atmospheric UHIs began to increase in the afternoon, and the maximum rate of increase was attained near
sunset. Generally, the absolute values of hourly atmospheric UHI change rates during daytime in winter
were greater than those during daytime in summer. However, the hourly atmospheric UHI change rates
were asymmetric during daytime; the rates were higher in the late afternoon in summer and in the early
morning in winter.
Figure 9 shows the time series of the atmospheric UHIs and their hourly change rates, with the mountainous
forest stations used as rural references. They are similar to those shown in Figure 8, in which the rural
cropland stations were used as rural references. However, there is an important difference between
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Figures 8 and 9. The contrasts between the summer and winter nighttime atmospheric UHIs when using
the mountainous forest stations as rural references were much less than those when using rural cropland
stations as rural references. This seasonal difference occurred because compared to wintertime, the Ta
over the mountainous forest stations in summer nighttime was much less than that of the rural cropland
stations (Figure 7), resulting in higher summer nighttime atmospheric UHIs referenced to the mountainous
forest stations.
Figure 10 illustrates the seasonal variations of the average daytime and nighttime atmospheric UHIs referenced to the rural cropland and mountainous forest stations. To demonstrate the contrast between the
daytime and nighttime atmospheric UHIs, we used the averages from 10:00 A.M. to 04:00 P.M. and from
10:00 P.M. to 04:00 A.M. to represent the daytime and nighttime means, respectively. The nighttime atmospheric UHIs reached a minimum in summer and a maximum in winter, because anthropogenic heat release
was stronger during winter nighttime, i.e., heating supply.
The nighttime atmospheric UHIs at the China Meteorological Administration station were greater than those
at the Tian’anmen Square station due to its lower sky-view factor at the China Meteorological Administration
station and its resulting higher reﬂections of long-wave radiation emission. During the day, the air above the
urban canopy ﬂoor is unstable, and Ta decreases with height, which explains the negative daytime UHI in
terms of Ta referenced to the warning tower station (Figure 8), keeping in mind that the Ta sensor at the
warning tower station was high above the urban ﬂoor (Figure 2).
4.2. Comparisons of the Seasonal Cycles of the Atmospheric and Surface UHIs
Figures 11 and 12 compare the seasonal variations of the atmospheric and surface UHIs. For comparison, the
atmospheric UHIs under cloudy conditions are also shown. To clearly compare the difference between the
diurnal and seasonal cycles of the atmospheric and surface UHIs, only four types of urban stations are shown
in Figures 11 and 12. Interstation comparisons and their statistical parameters are presented in Figures 14–17
and Tables 1–4. The contrasts of atmospheric UHIs between stations are much larger than those of surface
UHIs (Figures 11 and 12). This is because the scale of Ta observations is much less than that of Ts, and station
contrasts of the impervious surface ratio are higher at small scales (Figure 3).
Figure 11 shows that the nighttime atmospheric and surface UHIs referenced to the rural cropland stations
exhibited similar seasonal cycles except for the Temple of Heaven Park station, but the nighttime surface
UHIs were stronger than the atmospheric UHIs. However, the daytime surface and atmospheric UHIs differed
substantially. The daytime surface UHIs exhibited a signiﬁcant seasonal cycle, with a maximum value of +6°C
in August and a negative value in winter. The daytime atmospheric UHIs exhibited a seasonal cycle that was
similar to the daytime surface UHIs under clear-sky conditions but with a much smaller amplitude. The
seasonal atmospheric UHI cycle under clear-sky conditions (Ta; Figures 11b1–11b4) was not apparent under
cloudy-sky conditions (Tac; Figures 11c1–11c4).
Urbanization replaces vegetation (cropland or forests) with impervious surfaces. There are minimal amounts
of water for evaporation and transpiration in urban areas, which leaves more energy transfer to the ground
[Kato and Yamaguchi, 2007; Offerle et al., 2005]. The soil heat ﬂux can account for 50% of the total net radiation in the urban area of Beijing [Miao et al., 2012], compared with approximately 10% for vegetated surfaces
and up to 40% for bare soil [Cautenet et al., 1986; Meyers and Hollinger, 2004]. The soil heat ﬂux directly heats
the surface and increases Ts. The urban-rural evapotranspiration contrast is more distinct in the summer
because (1) the surface solar radiation is stronger in the summer, and the solar elevation is higher, which
allows more energy to reach the urban canopy ﬂoor, and (2) the urban-rural vegetation coverage contrast
is large in the summer (Figure 5). This factor explains the seasonal cycles of the daytime UHI in terms of Ts
shown in Figures 11 and 12 and is also consistent with previous studies that revealed a signiﬁcant correlation
between the UHI in terms of Ts and the fraction of vegetation coverage in the city [Weng et al., 2004; Zhou
et al., 2011].
The higher Ts in urban areas increases the instability of the air above the street ﬂoor in the summer and
increases QH over urban areas, which directly heats the air above the surface and increases Ta. This phenomenon explains why the daytime UHI in terms of Ta exhibited a similar seasonal cycle to the daytime UHI in
terms of Ts but with a much smaller amplitude (Figures 11 and 12). This seasonal cycle disappeared under
cloudy conditions because the surface incident solar radiation was much weaker.

WANG ET AL.

ATMOSPHERIC AND SURFACE UHI

2143

Journal of Geophysical Research: Atmospheres

10.1002/2016JD025304

Figure 12. The same as Figure 11 but the mountainous forest stations were used as the rural references for the UHIs.

Table 1. Summer, Winter, and Annual Mean Surface UHIs in Terms of Land Surface Temperature (Ts) Under Clear-Sky Conditions, Atmospheric UHIs in Terms of Air
Temperature (Ta) Under Clear-Sky Conditions, and Air Temperature Under Cloudy Conditions (Tac) at Four Satellite Overpass Times During 1 Day (at Approximately
a
10:30, 13:30, 22:30, and 01:30, Beijing Time) (Units: °C)
Mean UHI (°C)

Slope (10

Time

Season

Ts

Ta

Tac

Ts

10:30

summer
winter
annual
summer
winter
annual
summer
winter
annual
summer
winter
annual

4.19(6.52)
0.27(1.86)
1.39(3.55)
4.49(8.08)
0.94(2.32)
1.50(4.49)
3.14(3.69)
5.20(2.78)
4.19(3.15)
3.20(3.56)
5.04(2.56)
4.07(2.81)

0.84(0.59)
0.31(1.03)
0.46(0.66)
0.80(0.94)
0.10(1.10)
0.32(0.83)
2.58(4.20)
3.18(3.45)
2.80(3.82)
1.70(3.00)
3.03(3.33)
2.41(3.07)

0.23(0.47)
1.17(0.68)
0.55(0.40)
0.42(1.02)
0.49(0.38)
0.29(0.56)
1.29(2.47)
2.37(2.94)
1.77(2.48)
1.55(2.79)
3.22(2.96)
2.27(2.84)

3.95(3.97)
0.05(0.54)
1.97(2.16)
3.38(3.57)
0.40(0.69)
2.02(2.29)
0.37(0.45)
1.57(1.52)
0.85(0.85)
0.71(0.69)
1.32(1.25)
0.77(0.74)

13:30

22:30

01:30

2

°C/%)

R

Ta
0.25( 0.20)
0.72( 0.27)
0.42( 0.31)
0.21( 0.16)
1.23( 0.57)
0.52( 0.45)
3.35(3.34)
3.87(3.84)
3.63(3.62)
2.87(3.01)
3.38(3.19)
3.44(3.42)

Tac
0.47(0.50)
0.08(0.12)
0.18(0.18)
0.46(0.55)
0.39( 0.23)
0.01(0.08)
2.22(2.17)
2.50(2.66)
2.28(2.34)
2.48(2.46)
4.01(3.81)
3.19(3.15)

Ts
0.74(0.74)
0.02(0.24)
0.58(0.62)
0.69(0.68)
0.13(0.19)
0.55(0.57)
0.13(0.15)
0.27(0.26)
0.20(0.20)
0.20(0.19)
0.23(0.22)
0.17(0.17)

Ta
0.08( 0.07)
0.24( 0.10)
0.17( 0.12)
0.08( 0.06)
0.38( 0.19)
0.19( 0.17)
0.70(0.70)
0.66(0.66)
0.71(0.71)
0.74(0.73)
0.71(0.68)
0.73(0.72)

Tac
0.26(0.29)
0.04(0.06)
0.11(0.11)
0.26(0.29)
0.20( 0.12)
0.01(0.05)
0.70(0.69)
0.61(0.61)
0.70(0.70)
0.70(0.71)
0.65(0.64)
0.70(0.70)

a

The mean UHIs referenced to rural cropland stations (mountainous forest stations) were averaged over the 45 urban stations. The UHI regression slopes as
functions of the percentage of urban impervious surfaces and their correlation coefﬁcients (R) are also listed (see Figures 14 and 15).
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Table 2. The Square of Correlation Coefﬁcients (R Square) Between
Annual Mean Daytime Surface UHIs/Nighttime Atmospheric UHIs and
a
the Percentage of Impervious Surfaces

In winter and spring, rural croplands
consist of dry bare soils without vegetation coverage (Figure 6), and the conTemperature
Time
Rural Croplands
Mountainous Forests
trast in evapotranspiration between
Ts
10:30
0.34
0.38
urban and rural areas is nearly zero. On
13:30
0.31
0.33
the contrary, the green-up date in
Ta
22:30
0.50
0.50
Beijing urban areas may be approxi01:30
0.54
0.52
mately 24 days earlier than that of the
Tac
22:30
0.49
0.50
nearby rural areas [Wang et al., 2014;
01:30
0.49
0.49
Zhou et al., 2016]. In early April, vegetaa
The mean UHIs referenced to rural cropland stations (mountainous
tion is already growing in Beijing urban
forest stations) were averaged over the 45 urban stations.
area, whereas rural croplands remain
covered by bare soil (Figure 6c). Dry
bare soils have lower thermal inertia than urban materials, and urban materials may receive less solar radiation because of strong atmospheric particulate pollution in urban areas [Jiang et al., 2010; Liu et al., 2003;
Wang et al., 2003], which explains the negative daytime UHI in terms of Ts in April (Figure 11). Existing studies
have shown that the impacts of urban-rural contrast of satellite-derived albedo and emissivity on surface
UHIs over Beijing areas are negligible except for conditions after snow fall [Wang et al., 2007b]. After snow
fall, the snow is removed in urban areas quickly but will remain for a relative long time in rural areas
without disturbance.
Table 1 shows the mean values of atmospheric and surface UHIs over the 45 urban stations. The values of
surface UHI were a little higher than those obtained in previous studies. Liu et al. [2016] showed that the mean
value of daytime surface UHI from May 2013 to November 2013 was 2.3°C, whereas the contemporaneous daytime surface UHI in our study was about 3°C at the typical urban stations except for the park station. This result
was obtained because we selected typical rural stations as rural references in this study (see section 4.2).
The annual mean of atmospheric UHI at 22:30 under clear-sky conditions was 1.03°C higher than that under
cloudy-sky conditions over the 45 urban stations when referenced to rural cropland stations (see in Table 1).
However, under clear-sky conditions, the atmospheric UHI decreased with time, i.e., the annual mean of atmospheric UHI at 22:30 was 0.39°C greater than that at 01:30 over the 45 urban stations when referenced to rural
cropland stations. By contrast, under cloudy-sky conditions, the atmospheric UHI increased with time; i.e., the
annual mean of atmospheric UHI at 22:30 was 0.5°C less than that at 01:30 under cloudy-sky conditions.
Therefore, the annual mean of atmospheric UHI at 01:30 under clear-sky conditions was nearly equal to that
under cloudy-sky conditions; i.e., the difference was 0.14°C when referenced to rural cropland stations. This
phenomenon can be attributed to long-wave radiation. During nighttime, cloud reﬂection of long-wave radiation under cloudy-sky conditions enhanced the energy re-emission process. Therefore, atmospheric nighttime UHIs increase with time under cloudy-sky conditions and decrease with time under clear-sky conditions.
Figure 12 compares the seasonal variations in the atmospheric and surface UHIs referenced to mountainous
forest stations. The seasonal contrasts in the nighttime UHIs referenced to mountainous forest stations were
much less than those referenced to rural cropland stations, which exhibited signiﬁcant seasonal cycles; i.e.,
the contrasts were greater in winter. We also observed that the summer nighttime surface UHIs at 01:30 referenced to mountainous forest stations were only 0.36°C greater than those referenced to rural cropland stations in Table 1. However, the mean winter nighttime surface UHIs at 01:30 referenced to mountainous

Table 3. The Slopes and Correlation Coefﬁcients (R) of the Best Fitting Lines of the Surface Urban Heat Island (UHI) at
13:30 in Summer and Nighttime Atmospheric UHIs at 22:30 Shown in Figure 16
UHI of Ts in Summer at 13:30
R

UHI of Ta at 22:30

WANG ET AL.

Slope (°C/°C)

Season

Rural Croplands

Mountainous Forests

Rural Croplands

Mountainous Forests

summer
winter
annual

0.37
0.38
0.41

0.33
0.36
0.38

0.56
0.74
0.66

0.47
0.61
0.56
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a

Table 4. The Correlation Coefﬁcients (R) Between the Summer and Winter UHIs Derived From Ts, Ta, and Tac
UHI

R Between Summer and Winter UHIs

Slope

Temperature

Time

Rural Croplands

Mountainous Forests

Rural Croplands

Mountainous Forest

Ts

10:30
13:30
22:30
01:30
10:30
13:30
22:30
01:30
10:30
13:30
22:30
01:30

0.15
0.08
0.94
0.91
0.41
0.57
0.90
0.89
0.46
0.41
0.82
0.88

0.40
0.41
0.96
0.94
0.41
0.52
0.91
0.90
0.50
0.43
0.81
0.88

0.28
0.13
0.46
0.56
0.40
0.45
0.73
0.73
0.41
0.35
0.63
0.51

0.94
0.60
0.49
0.58
0.42
0.43
0.74
0.80
0.45
0.39
0.59
0.51

Ta

Tac

a

The slope of the best ﬁtting lines of the summer and winter UHIs derived from Ts, Ta, and Tac. The corresponding
scatterplots were shown in Figure 17. The high correlation between the winter and summer UHIs indicates that they
were determined by similar factors in winter and summer. Similarly, if the coefﬁcient is low (e.g., the surface UHIs
referenced to rural cropland stations in daytime), they were dominated by different factors.

forest stations was 2.48°C less than that referenced to rural cropland stations (Table 1). This difference occurred
because mountainous forests have a smaller long-wave cooling efﬁciency than rural croplands during
winter when rural croplands are nearly bare soil (Figure 6), which is related to the multiple reﬂections of
long-wave radiation.
Figure 13 explains these differences in seasonal variations of surface UHIs referenced to rural cropland and
mountainous forest stations. The most important differences in Ts over mountainous forest and rural cropland stations is that Ts over mountainous forests is much lower than that over rural croplands during spring
and summer daytime; i.e., the values of their difference after the elevation effect correction were 3.1°C and
3.8°C at 10:30 and 13:30, respectively.

Figure 13. Time series of the 15 day smoothed land surface temperature (Ts) over six urban and rural stations at four MODIS
overpass times: (a) 10:30, (b) 13:30, (c) 22:30, and (d) 01:30. The Ts data are only available under clear-sky conditions.

WANG ET AL.

ATMOSPHERIC AND SURFACE UHI

2146

Journal of Geophysical Research: Atmospheres

10.1002/2016JD025304

Figure 14. (a1, b1, and c1) The surface UHIs derived from land surface temperature (Ts) at four MODIS satellite overpass
times and (a2, b2, and c2) atmospheric UHIs derived from air temperature (Ta) at the same times as a function of the
percentage of impervious surfaces around the urban stations. Ts was available only under clear-sky conditions. For
comparison, (a3, b3, and c3) the atmospheric UHIs derived from Ta under cloudy conditions are also shown (Tac). The
summer ( Figures 14a1–14a3), winter (Figures 14b1–14b3), and annual (Figures 14c1–14c3) mean UHIs are shown. Each
point represents a station in the panel, and all 45 urban stations are used here. The rural cropland stations were used as the
rural references. The best ﬁtting lines are shown in the ﬁgures, and the statistics of the UHIs are presented in Table 1.

Another important difference in Ts over rural croplands and mountainous forests is that Ts over mountainous
forests is much higher than that over rural croplands during nighttime in winter (Figure 13), which explains
why the winter nighttime surface UHIs referenced to mountainous forest stations are much less than those
referenced to rural cropland stations. This results in negligible seasonal variation of surface UHI referenced
to mountainous forest stations (Figure 12).
4.3. Interstation Variability in the Atmospheric and Surface UHIs
This section compares the atmospheric and surface UHIs at the 45 urban stations and shows their dependence on the percentage of impervious surfaces of the urban stations. Figure 14 presents scatterplots of
annual mean atmospheric and surface UHIs referenced to rural cropland stations as a function of the percentage of impervious surfaces around the urban stations. The annual nighttime atmospheric UHIs were closely
related to the percentage of impervious surfaces around the urban stations. For example, their correlation
coefﬁcient was 0.73 at 01:30 when referenced to rural croplands, as seen in Table 1, and the square of their
correlation coefﬁcient is shown in Table 2.
From the R-square values, we found that the percentage of impervious surfaces could explain 49%–54% of
the variability of atmospheric UHIs. This phenomenon can be partially explained by anthropogenic impacts,
which was stronger at nighttime. Most anthropogenic heat is directly released into the air and has a stronger
impact on atmospheric UHIs than surface UHIs. The relation between the annual mean nighttime atmospheric UHIs at 22:30 and the percentage of impervious surfaces was nearly identical to that of the UHIs at
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Figure 15. The same as Figure 14 but the mountainous forest stations were used as the rural references for the UHIs.

01:30 under clear-sky conditions. However, the slope for the UHI at 22:30 was much less than that at 01:30
under cloudy-sky conditions. The annual mean daytime atmospheric UHI under clear-sky conditions was
only slightly negatively correlated with the percentage of impervious surfaces. Under cloudy conditions,
the relationship varied from weak and negative in winter to weak and positive in summer.
The summer daytime surface UHI was closely related to the percentage of impervious surfaces around the
urban stations. For example, their correlation coefﬁcient was 0.74 at 10:30 when referenced to rural
croplands, as seen in Table 1, and the square of their correlation coefﬁcient was shown in Table 2.
However, this dependence disappeared for the winter daytime surface UHI. From the R-square value, we
found that the percentage of impervious surfaces could explain 31%–38% of the interstation variability of
annual-mean surface UHIs.
Furthermore, the nighttime surface UHI was apparently uncorrelated with the percentage of impervious
surfaces around the urban stations. We tried to correlate the nighttime surface UHIs with the percentage
of impervious surfaces calculated by using different circular areas, and the results did not change signiﬁcantly
(Figures S1 and S2 in the supporting information). Figure 15 shows that the dependence of the UHIs
referenced to mountainous forest stations on the percentage of impervious surfaces was similar to that of
the UHIs referenced to rural cropland stations.
The anthropogenic heat is directly released to the air, which is difﬁcult to transfer to the land surface, particularly at night when the surface layer is controlled by temperature inversion. This phenomenon may explain
why the percentage of impervious surfaces dominates interstation variability of nighttime atmospheric UHIs
but is nearly uncorrelated with nighttime surface UHIs. The percentage of impervious surfaces could not
reﬂect the three-dimensional structure of the urban area. However, we do not have urban structure information, which requires further studies using lidar data [Susaki et al., 2014; Yan et al., 2015].
Figure 16 showed the correlation between surface UHIs at 13:30 in summer and the nighttime atmospheric
UHIs at 22:30, and the correlation coefﬁcients between them were calculated in Table 3. The stations partially
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Figure 16. Scatterplots of surface UHIs at midday (13:30) in summer as a function of the nighttime atmospheric UHIs referenced (a1–a3) to the rural cropland station and (b1–b3) to the mountainous forest stations at 22:30. Each point represents a
station, and the color shows the percentage of impervious surfaces of the urban stations. The best ﬁtting lines are shown
in the ﬁgures, and the statistics regarding the UHIs are presented in Table 3. The UHIs referenced to the rural cropland
stations were used here. The stations partially surrounded by bodies of water (lakes and rivers) were indicated by triangles.

surrounded by bodies of water (lakes and rivers) had lower Ts in daytime and higher Ta in nighttime;
therefore, they had lower daytime surface UHIs and higher nighttime atmospheric UHIs. The nighttime
atmospheric UHI was higher when the percentage of impervious surfaces was high (Figure 16).
Although the summer daytime surface and nighttime atmospheric UHIs were both closely related to the
percentage of impervious surfaces, the correlation coefﬁcients reached 0.7 (see in Table 1), and their
correlation coefﬁcients were low, varying from 0.33 to 0.41 (see in Table 3). This is because daytime
surface UHI and nighttime atmospheric UHI are determined by different physical process. Daytime surface
UHI is determined by the reduction of the evaporative cooling effect due to the high percentage of impervious
surfaces whereas nighttime atmospheric UHI is determined by anthropogenic heat release from urban areas.
Figure 17 showed the scatterplots of the summer UHIs as a function of the winter ones at the four satellite
overpass times. The correlation coefﬁcients between the winter and summer UHIs are calculated in Table 4.
Figures 17a1 and 17a2 indicated that the summer nighttime surface UHI was closely related to the winter
time surface UHI, and their correlation coefﬁcients were 0.91–0.96 (see Table 4), indicating that their UHI
spatial patterns are similar and they are determined by the same factors in winter and summer (i.e., the
multiple reﬂections of long-wave radiation emitted by the materials of urban structures). The correlations
between the summer and winter nighttime atmospheric UHIs were the second highest under both clear
and cloudy conditions, demonstrating that they are also determined by similar factors (Figure 16 and
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Figure 17. Scatterplots of the summer UHIs as a function of the winter ones at the four satellite overpass times: (a1) surface
UHIs referenced to rural cropland stations, (b1) surface UHIs referenced to mountainous forest stations, (a2) atmospheric
UHIs referenced to rural cropland stations under clear-sky conditions, (b2) atmospheric UHIs referenced to mountainous
forest stations under clear-sky conditions, (a3) atmospheric UHIs referenced to rural cropland stations under cloudy
conditions, and (b3) atmospheric UHIs referenced to mountainous forest stations under cloudy conditions. Each point
represents a station. The best ﬁtting lines are shown in the ﬁgures, and the statistics regarding the UHIs are presented in
Table 4.

Table 4). However, the correlations between the summer and winter daytime UHIs were much less,
particularly for surface UHIs (Figure 17 and Table 4).

5. Conclusions
In this study, we compared the diurnal and seasonal cycles of atmospheric and surface UHIs over the Beijing
metropolitan area using hourly Ta data collected at Beijing metropolitan AWS network stations in the years of
2013–2014 and from four daily MODIS satellite Ts retrievals. From these comparisons, the determining factors
of the surface and atmospheric UHIs were inferred.
Urbanization alters the land cover and land use types, thereby changing the radiative and turbulent
processes of land-atmosphere system in several ways. First, urban structures reduce the amount of solar
radiation that reaches the urban canopy ﬂoor during daytime, and part of the solar radiation is stored and
re-emitted later as long-wave radiation. During nighttime, the multiple reﬂections of long-wave radiation
emitted by the materials of urban structures reduce the long-wave cooling efﬁciency in urban areas.
Second, human activities in urban areas release a large amount of heat, which can directly heat the air.
Third, urbanization replaces vegetation (croplands or forests) with impervious surfaces and substantially
reduces evapotranspiration and its cooling effect during daytime [Wang and Dickinson, 2012; Wang et al.,
2010a, 2010b].
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These three factors work together but differently for atmospheric and surface UHIs. The multiple reﬂections
between urban materials make long-wave radiative cooling less efﬁcient. This phenomenon is the major
reason for the nighttime surface UHI. The reduction of the cooling effect of evapotranspiration due to more
impervious surfaces in urban areas dominates the daytime surface UHIs. Atmospheric UHIs are primarily controlled by the energy stored in urban materials and its release during nighttime, in addition to anthropogenic
heat release. The stronger anthropogenic heat release in winter causes atmospheric UHIs to increase with
time during winter nights and decrease with time during summer nights. Similarly, cloud reﬂection of
long-wave radiation under cloudy-sky conditions enhances the energy re-emission process during nighttime,
which explains why the atmospheric nighttime UHIs increased with time under cloudy-sky conditions and
decreased with time under clear-sky conditions.
The seasonal cycles of the nighttime atmospheric and surface UHIs depended on the selection of rural reference stations. The nighttime atmospheric and surface UHIs referenced to the rural cropland station exhibited
signiﬁcant seasonal cycles; i.e., they were higher in winter. However, the seasonal contrast in the UHIs referenced to the mountainous forest stations was almost zero. This result was obtained because mountainous
forests had higher nighttime Ts values than rural croplands in winter and lower nighttime Ta than rural croplands in summer.
The percentage of impervious surfaces calculated from land cover and land use data sets has been widely
used in studies of atmospheric and surface UHIs. This study found that this percentage can be used to well
quantify the spatial variabilities of vegetation coverage and evapotranspiration, and it can also be understood as an index of the spatial variability in anthropogenic heat release. Therefore, the percentage of
impervious surfaces explains 49%–54% of the interstation variabilities in nighttime atmospheric UHIs and
31%–38% of that in daytime surface UHIs. However, the percentage of impervious surfaces cannot reﬂect
the three-dimensional structure of urban fabric structures and therefore is nearly uncorrelated with the
interstation variability in the nighttime surface UHIs. Therefore, the impact of urban three-dimensional
structures on surface UHIs in terms of Ts should be further studied, i.e., using lidar data [Susaki et al.,
2014; Yan et al., 2015].
UHIs are arguably “well described but rather poorly understood” [Arnﬁeld, 2003; Oke, 1982]. This paper provides a case study in Beijing using hourly Ta observations and satellite Ts retrievals. Additional studies are
required at other locations and with more detailed observations, including three-dimensional observations
of urban canopy boundary layers [Chapman et al., 2015; Mestayer et al., 2005; Tan et al., 2015; Wood et al.,
2013], which will advance our understanding of UHIs and their causes.
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