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ABSTRACT

With urbanization occurring around weather stations, its impact on the observed air temperature has been
widely recognized. However, its assessments were varied partially due to the poor understanding of its un-
derlying mechanism. Here, we analyzed the effect of urbanization using observations obtained from ~2200
weather stations in China from 1960 to 2014. The results showed that the urbanization effect increased from
1960 to 1984 but slowed after 1995 with rapid urbanization in China, particularly in terms of the daily min-
imum temperature 7T,,;, and daily mean air temperature 7,,..,. The urbanization effect is nearly linearly
related to the urban-rural contrast of effective cloud cover (including the impact of atmospheric aerosols)
derived from the observed sunshine duration. Aerosols increase atmospheric downward longwave radiation
L, through their absorption of solar radiation during the daytime, and they trap longwave radiation emitted
from the surface during the nighttime. Increased anthropogenic aerosols caused the urban-rural contrast of
effective cloud cover to increase from 1960 to 2014. However, the urban—rural contrast of cloud cover re-
mained stable from 1960 to 1984 but substantially decreased due to the “urban dry island effect” after 1995,
which compensated for the impact of anthropogenic aerosols on L, and resulted in a stable urbanization effect
after 1995. The urban-rural difference in L, increased by 0.57 W m™2 (10 yr) !, which resulted in warming of
0.074°C (10yr) ! (78.2%) for Tpin, 0.037°C (10yr) " (151.5%) for Tax, and 0.056°C (10yr)~" (96.6%) for
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climate to global or regional climate change is negligible
(Schneider et al. 2009). Unfortunately, as major data
sources for climate change research, most weather sta-
tions tend to be located near urban or suburban regions.
With urban extension, the effects of urbanization on
nearby stations will become stronger. The enhanced
urban heat island effect caused by urbanization will
amplify local and regional warming trends estimated
from station observations (Fujibe 2011; Karl et al. 1988;
Ren et al. 2007). This will introduce uncertainty into the
detection of climate change and the evaluation of model
simulations. Therefore, it is important to analyze and
quantitatively assess the potential effects of urbaniza-
tion on the large-scale warming trends estimated by
station observations (Ren et al. 2015).

Currently, many methods are used to estimate the
effects of urbanization on warming trends, such
as comparisons between observations and reanalysis
products or nearby observations (Cayan and Douglas
1984; Kalnay and Cai 2003). Assessing the urban-rural
contrast in warming trends is considered a reliable
method that has been widely used to evaluate urbani-
zation effects (Ren et al. 2015). However, in Europe and
the United States, studies have suggested that urban and
rural areas exhibit obvious differences in their mean
temperatures but no significant differences in their
warming trends (Gallo et al. 1999; Hansen et al. 2001;
Peterson 2003). For example, Gaffin et al. (2008) found
that New York City has a clear UHI between 2.0° and
2.5°C, but the urban-rural difference in warming trends
over the past century has been just 0.03°C (10yr) "
Jones et al. (2008) analyzed the urban-rural differences
in London and Vienna and found that the multiyear
mean surface air temperatures in urban stations are
warmer than those in their rural neighbors by approxi-
mately 1.5°C, whereas there was no significant warming
bias between them during 1961-2006. This is because
these regions had completed urbanization in the nine-
teenth century, and they have strong urban heat islands;
however, the differences between the warming trends in
these urban and rural areas are negligible (Chrysanthou
et al. 2014; Jones et al. 1990).

We therefore need to quantify the impact of urbani-
zation process, rather than that of urban status, on the
observed warming trends. The process of urbanization
in China has become more rapid since the 1980s, with
the implementation of the “reform and opening up”
policy, and the impact of urbanization on the observed
warming has been widely reported (He et al. 2013; Ren
et al. 2008; Ren et al. 2015; Wang and Ge 2012; Zhang
et al. 2010). However, a diverse array of conclusions has
been obtained, and the impact of urbanization on the
observed warming in China as estimated from national
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stations has been determined to vary from close to 0% to
40% (Jones et al. 2008; Ren and Zhou 2014).

Jones et al. (2008) estimated urbanization-induced
warming trend bias by comparing the data from stations
in eastern China with nearby sea surface temperature
data and indicated that the contribution of urbanization
to warming was approximately 0.1°C (10yr)~' during
1951-2004. Zhou et al. (2004) used reanalysis data
(NCEP-R2) as a reference to estimate the effects of
urbanization and land-cover change on warming trends
in China and suggested that the warming bias attributed
to urbanization and land-cover change was approxi-
mately 0.05°C (10yr) ' (11.1%) from 1979 to 2003. Ren
et al. (2015) compared the annual mean warming trends
at national stations with those at nearby rural stations
and found a significant contribution of urbanization of
0.074°C (10yr) ! (24.9%) to warming over China during
1961-2004. Based on the same datasets and selecting the
same reference stations as above, Sun et al. (2016) re-
cently used the optimal fingerprint method to evaluate
the urbanization effect on the warming trend over China
and attributed approximately 0.094°C (10yr) ' (34.0%)
of the warming of surface air temperature to urbaniza-
tion during 1961-2013.

Previous studies have proposed many mechanisms to
explain these differences in estimations, such as vary-
ing areas and periods, as well as different selecting
criteria for rural stations. More mysteriously, the im-
pact of urbanization on the observed air temperature
has been stable since 1995, when China began to
experience faster urbanization (Sun et al. 2016).
Nevertheless, one of the main uncertainties in these
estimations arises from a poor understanding of the
physical mechanism of how urbanization affects sur-
face air temperatures. The interpretation of the
warming effect of urbanization still mainly depends on
the principle of urban heat islands, which draws from
empirical evidence obtained from a single city during
short periods. However, we usually analyze the effect
of urbanization on warming trends over periods of
decades on a large spatial scale based on many station
records, which may yield significantly different results
about the physical processes and driving factors of
urbanization-induced warming due to the different time
scales considered.

The spatial patterns of urban isothermals are similar
to a series of concentric circles centered on the urban
center, and the surface air temperature decreases from
the inside to the outside (McNider et al. 2012; Oke
1982). These isothermals will expand with urbanization
so that the surface air temperature of the areas sur-
rounding the urban region will increase. This simple
model has been widely used to describe the physical
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process of urbanization affecting the warming trends of
stations located near cities, and it has only assessed the
direct impact caused by urban heat islands. In addition
to air temperature, there are many important climatic
factors that will change significantly with urbanization,
such as cloud cover, precipitation, and relative humidity.
The changes in those key climatic factors would have
large effects on the land—atmosphere energy balance
and therefore influence local and regional warming.
However, in previous studies, those effects were usually
ignored in analyses of the characteristics of urbanization
effects on warming trends.

However, the substantial impacts of changes in cli-
matic factors on urbanization-induced warming have
been generally valued by related researches. K. Wang
etal. (2017) found that the urban heat island effect on air
temperatures is stronger on cloudy days than on clear
days, which indicated that changes in cloud cover may
have a significant effect on urban warming by increasing
downward longwave radiation at night. Cao et al. (2016)
attributed the diurnal contrast in urban warming to the
increasing hazes that compensate for the urban warming
in daily maximum temperature T, by reducing the
surface solar radiation and enhance the urban warming
of daily minimum temperature T,,;, by increasing the
downward longwave radiation. Additionally, the ex-
pansion of impervious surfaces with urbanization am-
plifies urban warming by reducing evapotranspiration
and increasing the proportion of sensible heat flux in the
total net radiation absorbed by the land surface (Kato
and Yamaguchi 2007; Zhou et al. 2011), whereas ur-
banization in the desert may exhibit the opposite effect
on warming due to the oasis effect (Boudjellal and
Bourbia 2018; Kai et al. 1997). Therefore, to better un-
derstand the physical mechanism of urban warming, it is
crucial to analyze the changes in key climatic factors
under urbanization and explore their corresponding
relationships with temperature changes based on the
land-atmosphere energy balance.

Surface solar radiation R; and downward longwave
radiation L, are the most important components of
land-atmosphere energy balance (Iacono et al. 2008;
Stephens and Greenwald 1991), and they have signifi-
cant effects on the long-term trends of air temperatures
on various spatial scales (Du et al. 2018; Wild 2016).
Additionally, they are sensitive to changes in climatic
factors that are vulnerable to urbanization (Inoue and
Kimura 2004; Romanov 1999; Unkasevi¢ et al. 2001;
Y. Wang et al. 2017). In this paper, we used the urban—
rural contrast to estimate the impact of urbanization on
the warming trends of Tinax, Timin, and Tiean- We found
that the declining trend of urban clouds caused by the
urban dry island effect is an important reason for the
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slowdown of the urbanization effect on warming over
China after 1995.

2. Data and methods
a. Data and statistical methods

We used the observations of daily surface air tem-
perature (including Tinax, Timin, and Tinean) and other
variables to calculate R and L, (e.g., cloud cover and
water vapor) from approximately 2400 meteorological
stations in the Chinese network during 1960-2014, which
were collected and processed by the China Meteoro-
logical Administration (CMA). This dataset comprises
2243 stations with more than 40 years of available ob-
servations of the required variables from 1960 to 2014
(see Fig. 1a). The records in this dataset have been
checked using strict quality control measures, such as
the identification of outliers, assessment of spatiotem-
poral consistency, and correction of suspicious and
erroneous data. All observed records from weather
stations were homogenized using the RHtestsV4 soft-
ware package provided by Wang et al. (2010), and a
detailed description of the homogenization procedure
was given by Xu et al. (2013).

To evaluate the urbanization warming effect, the
method depends on how urban versus rural stations are
identified and whether their climate records are homo-
geneous. Two main approaches have been used to
classify a station as urban or rural: those based on indices
(e.g., population, urban built-up areas, night lights, and
NDVI) (Gallo et al. 1999; Owen 1998; Portman 1993) or
geostatistical analyses (e.g., EOF decomposition, cluster
analysis, and urban isothermals) (Ren et al. 2015;
J. Wang et al. 2012). However, those methods are unable
to reflect the urbanization process and are sensitive to
the density of stations (J. Wang et al. 2017). Ren et al.
(2010) used a comprehensive procedure to identify rural
stations from all meteorological stations based on met-
adata and station history information. The criteria used
in this procedure include the distance of a station from
its nearest city, as well as its times of station relocations,
percentage of surrounding built-up areas, and length of
valid records, as described in detail by Ren et al. (2015).
Finally, a total of 143 stations met the criteria and were
classified as rural stations (Ren et al. 2015). To reduce
the effect of inhomogeneous records, we removed rural
stations with nonclimatic shifts and 132 rural stations
were reserved; other stations were classified as urban
stations (see Fig. 1a).

Contrasting Figs. 1c and 1d, the number of urban
stations is much larger than that of rural stations in valid
grids especially in East China. Owing to the rapid urban
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FIG. 1. (a) Spatial distribution of selected weather stations over mainland China; blue spots denote rural stations,
and red spots denote urban stations. (b) The changes in urban and rural valid grids over time in East China and West
China. (c) The number of urban stations in valid grids. (d) The number of rural stations in valid grids.

expansion and most stations located nearby urban areas,
there are fewer and fewer stations in China that are
completely free of the effect of urbanization (see Fig. S1
in the online supplemental material). To minimize the
effect of urbanization, we adopted a set of strict criteria
to select rural stations as reference, namely that all
stations that may be affected by urbanization are clas-
sified as urban stations (Ren et al. 2010; Ren et al. 2015).
Consequently, there are fewer stations classified as rural
stations, which may bring sampling errors. Using a
bootstrap procedure involving the resampling of the
urban-rural difference series, Sun et al. (2016) evaluated
the sampling errors for this urban-rural classification
and indicated that the urbanization-induced signals
were robust against the sampling errors. Note that all
results were applied to regional averages rather than a
single station.

In this paper, all statistical analyses were based on
monthly anomalies derived from daily observations. The
value of a month was not used when it had more than
seven missing days, and the period of 1971-2000 was
used as the reference period to calculate anomalies. As
shown in Fig. 1a, the density of stations over China is
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extremely uneven: dense in eastern China but sparse in
western China. To reduce the impact of this spatial
heterogeneity, we averaged the anomalies obtained
from the stations into 5° X 5° grid cells. The grid size is a
compromise between the spatial coverage and resolu-
tion of valid grids, which include both urban stations
and rural stations. Additionally, we divided China into
western and eastern regions along the 105°E line based
on their differences in socioeconomic development and
background climate. All regional averages were calcu-
lated using the area-weighted average of the available
gridded values in each region.

Additionally, the Pearson’s correlation coefficients
were calculated, using the detrended anomaly series of
the variables that removed the impact of trends, to
evaluate the linear relationship between the variables.
The long-term trends of variables were calculated
by the linear regression based on the ordinary least
squares method. The confidence level of the correlation
coefficients and long-term trends were tested by the
Student’s ¢ test, and the 95% confidence intervals
were provided for trends. All trend estimations and at-
tribution analyses were performed in valid grids. The
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differences in time series between the urban and rural
stations were attributed to the urbanization effect.

b. Estimation of cloud cover and atmospheric
aerosol loading

Cloud cover is a routine observation collected at
weather stations over China. The cloud amount is ob-
served by professional observers and recorded in tenths
(e.g., clear sky is recorded as 0/10 and an overcast sky is
recorded as 10/10). The locations used for observations
should be able to see as much of the entire sky as pos-
sible. When the sky is partially obscured by obstacles
(e.g., mountains, buildings), the cloud cover should be
estimated from the unobscured portion of the sky. If
some of the sky is covered by precipitation, this part of
the sky should be seen as being covered by clouds that
produce precipitation. Cloud cover is observed at 6-h
intervals at 0200, 0800, 1400, and 2000 BST (Beijing
standard time), and the daily mean cloud cover repre-
sents the average of these four observations. An addi-
tional observation was conducted near each evening to
evaluate the general features and evolution trends of
clouds to prepare for observing cloud cover at night.
Previous studies have suggested that long records of
visual observations from weather stations could be used
to analyze the interannual variabilities and secular
trends of cloud cover (Eastman and Warren 2013; Norris
and Wild 2009; Warren et al. 2007).

In addition to clouds, aerosols are an important im-
pact factor that affects the land-atmosphere radiation
energy balance by decreasing R; and increasing L;. In
terms of R,, it is clear that the reflection, absorption, and
scattering caused by aerosols can lead to a decrease in
the R, absorbed by the land surface (Schwartz 1996). In
terms of L , aerosols can absorb and reemit longwave
radiation from the land surface and therefore reduce the
longwave cooling efficiency, which is similar to the ra-
diative forcing caused by greenhouse gases (Cao et al.
2016; Dufresne et al. 2002; Panicker et al. 2008). Addi-
tionally, the dramatic increase in aerosol emissions is a
typical phenomenon of urbanization. However, there
are no available long records of the atmospheric loading
of aerosols, which limits the attribution of changes in
climate to changes in aerosols. Here, we used an index
derived from sunshine duration to represent the changes
in radiative forcing due to both cloud cover and aerosols,
which is named the effective cloud cover (CA):

CA =1- [k, + k,(nIN) + k,(nINY], 1)

where ko, k1, and k, are the regression coefficients de-
rived from the observed R, and the observed sunshine
duration 7 in different regions (He et al. 2018); n/N is the
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ratio of the observed sunshine duration to the clear-sky
sunshine duration N, which depends on changes in both
clouds and aerosols (Wang 2014). Furthermore, we es-
timated the radiative effects of aerosols based on the
differences between those derived from observed cloud
cover (CF) and those derived from CA.

c. Calculation of Ry and L,

The term Ry is the main resource of land surface en-
ergy and the driving force of the seasonal and diurnal
cycles of air temperature. However, observation stations
of R,, with a total amount of less than 120, are very
sparse and much lower than the number of observation
stations for other variables. Additionally, the sensitivity
drift of observation instruments caused the observed R,
to decrease faster after 1990 than it did beforehand, and
instrument replacements led to a false jump in observed
records from 1990 to 1993 (He et al. 2018; Wang et al.
2015). Yang et al. (2006) proposed an efficient hybrid
model with which to calculate R, using the sunshine
duration:

R =(1-R, @)

where R, is the theoretical maximum solar radiation
reaching the land surface under clear skies, which is
derived from the ozone thickness, turbidity coefficients,
and auxiliary meteorological variables (e.g., relative
humidity and barometric pressure); f is the observed
fraction of cloud cover (CF) or the index derived from
sunshine duration (CA). The CF-derived R, data reflect
the impact of clouds on Ry, and the CA-derived R, data
reflect the impact of both clouds and aerosols on R;
(Magee et al. 2014; Y. Wang et al. 2012). Hence, the
difference between these values can be used to evaluate
the impact of changes in aerosols on R, which is also
applicable to L.

Surface downward longwave radiation L, is another
important component in land surface energy balance,
especially at night; however, observations of this quan-
tity are extremely sparse and most observed records are
short. To compensate for the lack of observations, many
efficient empirical models have been proposed to derive
the surface downward longwave radiation under clear-
sky conditions Ly, based on air temperature and vapor
pressure (see Table 1). Previous studies have indicated
that the performances of these models primarily vary
with background geography and climate. For instance,
Wang and Liang (2009) compared the estimates ob-
tained from the models of Brunt (1932) and Brutsaert
(1975) with observations of L, and suggested that the
former was better in sites where the elevation is less than
1000 m, while the latter was better in sites located at



5710

TABLE 1. Empirical methods used to estimate surface downward
longwave radiation under clear-sky conditions Lg4.. Note that E,
is the water vapor pressure (hPa); T, is the near-surface air tem-
perature (K); o is the Stefan-Boltzmann constant (5.67 X
10" 8 W m 2K~ *); and &, is the atmospheric emissivity of longwave
radiation.

Source Model

Angstrom (1915)
Angstrom (1924)

Brunt (1932)

Idso and Jackson (1969)
Brutsaert (1975)

Prata (1996)

de = SHU'T;‘

£, =0.83 — 0.18 X 1070-067E

&4 = 0.605 + 0.048E0S

g, = 0.7 + 5.95 X 10 E, exp(1500/T,)
g, = 1.24 + (E,IT,)""

g.=1—(1+ w)exp[—(1.2 + 3w)*]
w = 46.5E,/T,

higher elevations. Because no empirical model is supe-
rior to all others in all regions, we selected five widely
used empirical models that were combined for the cal-
culation of Ly, to improve the accuracy of the results and
facilitate the evaluation of their uncertainty (Wang and
Dickinson 2013).

Clouds can absorb longwave radiation and reemit a
portion back to the land surface; therefore, cloud cover
has a strong effect on the surface downward longwave
radiation. Crawford and Duchon (1999) proposed a
version of the equation used to quantify the effects of
clouds on L:

L,=L,(1—f")+vf*oT?, 3)

where Lq. is the surface downward longwave radiation
under clear-sky conditions, 7, is the surface air tem-
perature, and o is the Stefan-Boltzmann constant
(5.67 X 10" 3Wm 2K~ *). Also, u and v are empirical
coefficients, and many studies have proven that the re-
trieved L, values agree best with observations when
they are set as 1 (Choi et al. 2008; Duarte et al. 2006;
Kjaersgaard et al. 2007). The values of f are the same as
those in Eq. (2), which were calculated using CF or CA;
the comparison between them is used to evaluate the
impacts of clouds and aerosols, respectively, on L.

It is essential to verify the reliability of models, be-
cause both R, and L, were derived by empirical models
rather than observation. For R;, many existing studies
have proved that the sunshine duration-derived R;
agreed well with observation in interannual variability,
and even better in long-term homogeneity in China (He
et al. 2018; Tang et al. 2011; Wang et al. 2015). Because
of the technical challenge and high cost, L; is not ob-
served operationally for long time periods and is just
observed in the short term by, for example, the Baseline
Surface Radiation Network (BSRN), which leads to few
studies on the validation of derived L, especially in
China (Bilbao and de Miguel 2007; Ma et al. 2014; Wang
and Liang 2009). Therefore, using multiple popular
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empirical models to derive L, is a compromise method
to identify the uncertainty of derived L, and improve
the confidence of our conclusion.

d. The attribution of the urbanization effect to
radiative forcing

The relationships between climate variables and Ry
(L,) involve many complex physics processes, and most
of them are nonlinear. Therefore, it is difficult to use
simple regression analysis to quantify the impacts of
climatic factors on R, and L. In this paper, based on the
empirical models mentioned above, we calculated R;
and L, using the daily observation and climatology
values (i.e., the monthly average during 1970-2010),
respectively, of climate factors. The difference between
the Ry (L) values calculated based on observations and
climatology values is used to quantify the respective
effects and interaction effects of climate variables on
RA‘ (Ld)

Similar to the sketch in Fig. S2a, all of these variables
have effects on R, (L;) and there are significant in-
teractions between them. To better evaluate those ef-
fects, we established a series of combinations of input
variables based on the observation and climatology, and
then the equation set is constructed according to the
difference of R, (L,) obtained by various combinations
of input variables (see Fig. S2¢). By solving the equation
set, we can determinate every section of effects shown in
Fig. S2a, thus the individual effect of each variable, the
interaction effects among them, and their total effects on
R, (L) can be quantified (see Fig. S2b).

Furthermore, the impacts of R; and L, on surface air
temperature are estimated using a linear regression
model, and they can be expressed as

T=S,R+S, L, +cte, 4)

where T, R,, and L, denote the time series of the
monthly anomalies of surface air temperatures (7,
Tmax, and Tpean), surface solar radiation, and surface
downward longwave radiation, respectively. Also, Sg,
and S, are regression coefficients that denote the sen-
sitivity of temperatures to the forcing from R; and L;; ¢
is a constant, and e represents the residuals. The good-
ness of fit of the regression R* and residual consistency
are estimated to test the confidence in quantifying the
effect of Ry and L, on urban-rural warming difference;
R? is calculated in every station to explore the magni-
tude and spatial pattern of the effect of surface radiation
fluxes on near-surface air temperatures. To verify
whether the probability distribution of the regression
residuals is normal, the residual consistency is evaluated
by Kolmogorov—Smirnov test at a grid scale.
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TABLE 2. The trends (£95% confidence interval) of the national average and urban-rural differences before and after adjustment for
Tmaxo Tmin» a0d Tean during 1960-2014 [°C (10 yr)~'].The effects of R, and L, on temperatures are adjusted by Eq. (5). All trends are
evaluated by area-weighted average based on the grids. The boldface font denotes the trend is significant at 95% confidence level.

Trend Variables East China West China China
National average T max 0.192 + 0.052 0.242 + 0.043 0.216 = 0.043
Tmin 0.337 = 0.044 0.378 = 0.034 0.357 = 0.035
Tmean 0.243 = 0.045 0.276 = 0.036 0.259 = 0.037
Raw (urban-rural) Tmax 0.004 = 0.005 0.046 = 0.011 0.025 = 0.006
Tinin 0.106 = 0.005 0.084 = 0.011 0.095 = 0.006
Tinean 0.062 = 0.004 0.054 = 0.010 0.058 = 0.006
Adjusted (urban-rural) Timax —0.030 = 0.005 0.006 = 0.008 —0.013 = 0.005
Tmin 0.039 = 0.004 0.001 = 0.006 0.021 = 0.004
T, 0.010 = 0.003 0.003 = 0.005 0.004 = 0.003

mean

To intuitively display of the role of R; and L, we
adjust their effects on temperatures based on the re-
gression analysis above. The approach for the adjust-
ment was shown as

adjust = Traw - SRxRS - SLde ’ (5)
where T,y and T,gjus denote the monthly anomalies of
temperatures before and after adjustment respectively;
Sr,» Si,» Ry, and L, are the same as those in Eq. (5). We
used Tray and Togjus to calculate the interannual vari-
ability and long-term trend of urban-rural differences,
respectively. By comparison, we can see how much of
the urbanization-induced warming was achieved by the
changes in R and L.

3. Results

a. The urban—rural differences in changes in
temperature

Based on the urban-rural differences in warming
trends, we can estimate the effect of urbanization on the
warming rate of surface air temperature from 1960 to
2014. As shown in Table 2, on national average, the
urban-rural difference of Tyean increased by 0.058° =
0.006°C (10yr) ! (22.3% of its overall warming, =95%
confidence interval) during 1960-2014, which is similar
to those obtained in previous studies [0.047°-0.074°C
(10yr)~', 20.6%—27.3%] based on urban-rural com-
parisons (Ren and Zhou 2014; Ren et al. 2015; Ren and
Ren 2011; Zhang et al. 2010). The urban-rural differ-
ence of Ty, and T, increased by 0.095° £ 0.006°C
(10yr)~! and 0.025° + 0.006°C (10yr) "', respectively,
corresponding to 26.7% and 11.4% of their overall
warming, respectively. The increase of urban-rural dif-
ference is faster for T,,;, than it is for 7T,,.x, Which is
consistent with previous studies (Ren and Zhou 2014;
Zhou et al. 2004).
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As shown in Fig. 2, the increase of urban-rural dif-
ference for T,y Was faster in East China than that in
West China, with rates of 0.062° + 0.004°C (10yr) ' and
0.054° + 0.010°C (10yr) ™', respectively; these differ-
ences corresponded well to the observed regional dif-
ferences in urban development. As shown in Table 2 and
Fig. S5, the urban warming of T,,;, was also higher in
East China [0.106° = 0.005°C (10yr) '] than that in
West China [0.084° = 0.011°C (10 yr) '], while the urban
warming of Ty, in East China was negligible [0.004° *
0.005°C (10yr)~'] and much lower than that in West
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FIG. 2. Annual anomalies of urban-rural differences in Ty,
Timax> and Tpean from 1960-2014 in (a) East China and (b) West
China. (c) The annual changes in the urban populations of China,
Europe, and the United States. Five-year moving-average curves
for (a) and (b) are shown in Fig. S10.
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China [0.046° + 0.011°C (10yr)~']. The east-west dif-
ferences in urbanization effects indicate that the esti-
mated urbanization-induced warming based on data
from the eastern region would be larger than those ob-
tained using the national average data or data from
other regions (Ren et al. 2008; Yang et al. 2011; Zhang
et al. 2010).

Importantly, although urbanization over China was
accelerating according to urban population data
(Fig. 2c), urban warming began to slow down after 1995
in East China (Fig. 2a). A recent study by Sun et al.
(2016) found that the signal pattern of the effects of
urbanization on temperatures showed a similar feature,
namely that urban warming over China has risen rapidly
since the 1980s but tended to stabilize after the mid-
1990s, but they did not propose a reason or underlying
mechanism for this phenomenon.

b. Changes in variables and their radiative forcing
under urbanization

In addition to the feedback of warming, the radiative
energy balance between the atmosphere and the land
surface is sensitive to changes in clouds, aerosols, and
atmospheric humidity. Therefore, we evaluated the in-
terannual variabilities and long-term trends of the
urban-rural differences in related climate variables over
China based on observations during 1960-2014.

First, a contrastive analysis was conducted for the
changes in the difference of cloud cover and sunshine
duration between urban and rural area. For interannual
variability, there are no significant relationship between
their urban-rural differences (see Fig. S3); For long-
term trend, both of them were in decreasing trend dur-
ing 1960-2014, especially over East China. The results
indicate that the changes in the urban-rural difference
for cloud cover is not sufficient to explain the decreasing
trend of that for sunshine duration (see Fig. S4), which is
consistent with existing studies (Sanchez-Lorenzo et al.
2009; Wang et al. 2013; Zheng et al. 2008). The main
reason for those inconsistencies is the effect of aero-
sols loading, which can absorb and scatter the solar
radiation (Sanchez-Romero et al. 2014; K. Wang et al.
2012; Y. Wang et al. 2012). Therefore, we calculated the
effective cloud cover f by the sunshine duration and
cloud cover respectively. The differences between sun-
shine duration-derived f (CA) and cover-cover-derived
f (CF) are considered as the effect of aerosol loading.

The CA is calculated using Eq. (1), which can capture
the exact variabilities in both cloud cover and aerosol
concentrations (Ma et al. 2015; K. Wang et al. 2012).
With urbanization, the urban-rural difference of CA
increased by 0.382% * 0.030% (10yr) ', while that of
CF decreased slightly by —0.120% =+ 0.036% (10yr)
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FIG. 3. (top) Annual anomalies of cloud fraction (CF), cloud and
aerosols (CA), relative humidity (RH), and water vapor pressure
E, for (a) East China and (b) West China, and (bottom) their
contributions to the urbanization-induced changes in R, and L, in
(c) East China and (d) West China. “E,,” and “All” denote the
interaction effect and total effect of variables on the trend of R, and
L4, and the attrition approach is shown in Fig. S2. Note that the
effect of aerosols (AE) is estimated as the difference between those
of CF and CA. Five-year moving-average curves for (a) and (b) are
shown in Fig. S11.

from 1960 to 2014. This result implies that the increasing
trend of CA was mainly caused by the enhancement of
aerosol emissions with urbanization over China. The
relative humidity (RH) decreased by —0.294% =
0.025% (10yr) ' with urbanization, which is consistent
with the urban dry island effect reported by previ-
ous studies (Ackerman 1987; Lokoshchenko 2017,
Moriwaki et al. 2013; Yang et al. 2017). Although the air
temperature increased, the urban dry island introduced
a decreasing trend [—0.014 = 0.003hPa (10yr)~'] of
water vapor pressure E, (Hao et al. 2018; Henry et al.
1985).

As shown in Fig. 3 and Fig. S6, the urban-rural dif-
ference of CA increased faster in East China [0.413% =
0.036% (10yr)~'] than that in West China [0.353% =+
0.045% (10yr)~'], whereas the decreasing rate of
CF caused by urbanization was faster in East China
[-0.222% =+ 0.033% (10yr) '] than that in West China
[-0.021% =+ 0.043% (10yr) ']. This result indicated
that the increasing trend of urban aerosols in East China
was much faster than that in West China. The decreasing
trends of relative humidity caused by urbanization were
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FIG. 4. Scatterplots between clouds and aerosols (CA) and temperatures [(a),(b) daily minimum temperatures
Tmin; (¢),(d) daily maximum temperatures Ty,ay; and (e),(f) daily mean temperatures Tiean] based on detrended
annual anomalies in (left) East China and (right) West China. The slope is the linear regression of the coefficients of
temperatures for CA, and R values are the correlation coefficients. The superscript of R denotes the confidence
level: Two asterisks (**) indicate that the correlation is significant at the 99% confidence level; one asterisk (*)
indicates that the correlation is significant at the 95% confidence level; otherwise, the correlation is insignificant.

0.384% =+ 0.027% (10yr)"' [-0.027 = 0.004hPa
(10yr) '] in East China and 0.199% * 0.027% (10yr) "
[-0.001 *= 0.004hPa (10yr)~'] in West China, which
indicated that the urban drying rate in the former was
almost twice that in the latter.

Importantly, the contrast between Figs. 2 and 3 re-
veals that there is good consistency between CA and
Tmin in the urbanization-induced trend, which both ex-
hibited increasing trends until 1995 and then became
stable in East China while maintained a slower in-
creasing trend in West China from 1960 to 2014. As
shown in Fig. 4, there were significant correlations
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between CA and temperature in the interannual vari-
abilities of urban-rural differences. Notably, Ty, ex-
hibited the most significant correlation with CA,
followed by Tiean, While the correlation between Tyax
and CA was the lowest and insignificant in East China.
In addition to T},.x, the correlations and sensitivities of
temperatures to CA were higher in East China than in
West China. These results indicated that CA may be a
key factor controlling the interannual variability and
long-term trends of the urbanization effects on observed
temperatures. Hence, it is critical to explore how
urbanization-induced changes in CA affect the radiative



5714

JOURNAL OF CLIMATE

VOLUME 32

TABLE 3. The trends (=95% confidence level) of national area-weighted average and urban-rural difference of cloud fraction (CF),
surface air temperature 7,, water vapor pressure E,, and surface downward longwave radiation L, during 1960-2014. Note that the
boldface font denotes the trend is significant at 95% confidence level.

Trend Variables East China West China China
National average CF [% (10yr)"}] —0.139 = 0.226 —0.339 = 0.177 —0.235 = 0.175
CA [% (10yr)™1] 1.013 = 0.192 0.206 = 0.125 0.629 =+ 0.139
E, [hPa (10yr) '] 0.034 + 0.034 0.083 = 0.017 0.057 = 0.023
RH [% (10yr)™ "] —0.503 = 0.122 —0.077 = 0.112 —0.299 =+ 0.097
R, [Wm ™2 (10yr) '] —-1.663 = 0.365 —0.401 = 0.249 —-1.063 = 0.257
Lq[Wm™2(10yr)™ 1] 1.856 + 0.193 1.501 = 0.270 1.688 + 0.204
Urban-rural CF [% (10yr) "] —0.222 + 0.033 —0.021 *+ 0.043 —0.124 + 0.028
CA [% (10yr)™'] 0.413 = 0.036 0.353 = 0.045 0.382 = 0.030
E, [hPa (10yr) '] —0.027 = 0.004 —0.001 = 0.004 —0.014 = 0.003
RH [% (10yr)™ "] 0.384 = 0.027 0.199 = 0.039 0.293 = 0.025
R, [Wm ™2 (10yr)™!] —0.505 = 0.073 —0.435 = 0.088 —0.471 = 0.055
Ly [Wm™2 (10yr)™ Y] 0.554 = 0.032 0.515 = 0.053 0.536 = 0.031

energy balance and the underlying mechanism of the
correlation between CA and air temperatures.

As shown in Figs. 3c and 3d, of the three driving fac-
tors of Ry, the contribution of aerosols (AE) is the
largest, as it resulted in R, decreasing by —0.724 =
0.055Wm 2 (10yr) ' (74.1% of overall effects). The
changes in other variables are positively correlated
with Ry, but their impact on Ry is negligible [0.032-
0.059Wm 2 (10yr) '], and all of their contributions
account for only 12.7% of the overall effects. In terms of
L,, AE was also the driving factor for urban-rural dif-
ferences and increased L, by 0.391 + 0.024 Wm >
(10yr)~! (54.9%), followed by the feedback of T,
[0.211 + 0.021Wm 2 (10yr) *;29.5%] and cloud cover
[-0.085 + 0.025Wm 2 (10yr)~"; 11.9%]; the direct
contribution of E, is negligible [—0.003 = 0.010 Wm >
(10yr)~% 0.4%].

Additionally, the increasing greenhouse gases would
also increase L., which may result in climate warming
on a global scale without spatial difference but has little
effect on the regional difference of radiative fluxes at a
grid scale (Wang and Liang 2009). Therefore, the
changes of radiative fluxes caused by greenhouse gases
cannot make much difference to our results.

c¢. Changes in R, and L, and their contributions to
urban warming

As shown in Table 3, the urban-rural difference of R,
decreased by —0.471 = 0.055Wm 2 (10yr)!, ac-
counting for 44.3% of the overall decreasing trend of Ry
in China from 1960 to 2014. The urban-rural difference
of L, increased by 0.536 + 0.071Wm 2 (10yr) !, ac-
counting for 31.7% of the overall increasing trend of L,
during this period. The urbanization-induced decreases
(increases) of R, (L) were slightly higher in East China
than in West China by 16.1% (7.6%).
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As shown in Figs. S7 and S8, there were significant
correlations between R (L,) and surface air tempera-
tures. The national average of correlation coefficients
between temperatures and R, (L,) ranged from 0.71
(0.77) to 0.86 (0.93), and all grids were significant at the
95% confidence level, without significant urban-rural or
east—west differences. Afterward, the regression analy-
sis was used to quantify the effect of R; and L, on
temperatures [see Eq. (2)]. As shown in Fig. 5, the area-
weighted national mean of R for regression models
are 0.80, 0.65, and 0.72 for Tiin, Tmax, and Trean, T€-
spectively. This result indicates that the most of vari-
abilities in temperatures can be explained by R, and L.
The urban-rural difference of residuals derived from
regression models followed normal distribution at 95%
confidence level in same grid (Figs. 5g—i). Therefore, the
urban-rural differences in warming were mainly caused
by the urban-rural difference in R, and L.

The national mean sensitivity of Ty,.x to Ry was 0.107° =
0.025°C W™ m~2 and was much larger than that of Ty,
(0.053° + 0.018°C W 'm?), which was consistent with
the fact that changes in R, mainly affect temperatures
during the daytime. However, the effects of L,
on temperatures have no significant diurnal contrast;
therefore, the national mean sensitivity of Tp,.x to Ly
was 0.174° + 0.035°C W~ ' m ™2 and was similar to that of
Tomin (0.184° + 0.025°CW ! mfz), which were consistent
with those calculated in previous studies (Cao et al.
2016; Markowicz et al. 2003; Panicker et al. 2008). The
sensitivity values of Tiean to R, (L4), between those of
Tmax and Tiin, were 0.081° + 0.023°CW™'m™ and
0.179° + 0.029°C W' m 2 respectively. The sensitivity
of temperatures to R, and L, exhibited no significant
urban—rural differences. However, all sensitivities are
larger in West China than in East China (see Figs. S7 and
S8), which is consistent with the fact that East China is
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FIG. 5. (a)—(c) Spatial pattern and (d)—(f) regional average of goodness of fit R? of linear regression of temperatures to surface solar
radiation R; and downward longwave radiation L,. (g)—(h) The probability distribution of the urban—rural difference for regression
residuals. The blue lines represent curves for the probability distribution of the regression residuals in every grid. The red line represents
the curve of standard normal distribution. By contrast, the probability distributions of the regression residuals are similar to the standard
normal distribution, and all of them passed the 95% confidence test.

wetter than West China. Compared with the western
arid regions, the eastern humid regions have more sur-
face absorbed energy that has turned into latent heat
flux and therefore decreased the sensitivities of tem-
peratures to Ry and L.

Based on the sensitivities calculated in the last section,
we evaluated the contributions of R; and L, to the urban
warming of temperatures. As shown in Fig. 6, the increase
of urban-rural difference in L,; was the main radiative
forcing for the urban-rural difference in warming, which
increased Tin, Tmax, and Tipean by 0.102° = 0.011°C
(10yr)~!, 0.082° + 0.013°C (10yr)~', and 0.093° +
0.011°C (10yr) ", respectively, from 1960 to 2014. The
effect of urbanization on R, decreased Tp.x, Tmin, and
Trnean by —0.044° + 0.014°C (10yr) !, —0.026° + 0.012°C
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(10yr)~!, and —0.037° = 0.012°C (10yr) "', respectively,
which offset some of the urbanization-induced warming
caused by L.

Hence, the overall effects of urbanization-induced
radiative forcing increased Tin, Tmax, and Tmean DY
0.074° = 0.009°C (10yr) ™', 0.037° + 0.011°C (10yr) ",
and 0.056° + 0.009°C (10yr)~!, respectively. Although
the urbanization-induced radiative forcing was stronger
in East China, the sensitivities of temperatures to R, and
L, were higher in West China (see Figs. S2 and S3); thus,
the urban warming attributed to urbanization-induced
radiation forcing was slightly higher in West China than
in East China. Because the warming effect of L, is
stronger on Ty, than 7, and the cooling effect of Ry is
stronger on Ty, than Ty, the radiative forcing caused
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FIG. 6. Interannual changes in downward longwave radiation L,
(red lines) and surface solar radiation Rj; (blue lines) in (a) East
China and (b) West China. (c),(d) Contributions of L, R, their
interaction effects E,, and the total effects (All) to the warming
trends of temperatures in (c) East China and (d) West China. Note
that the shading around the red lines in (a) and (b) indicates the
spread of the L, values derived from the five empirical models.
Five-year moving-average curves for (a) and (b) are shown in
Fig. S12.

by urbanization contributed a stronger warming effect
to Tmin than Ty,ax, Which explained 58.5% of the diurnal
contrast in urban warming.

d. The contrast in urban warming before and after
adjusting radiative forcing

Based on the results presented above, we adjusted the
impacts of R; and L, on temperatures; to better un-
derstand the impacts of R; and L, on the temporal and
spatial patterns of urbanization effects, we compared
the urban warming results obtained before and after this
adjustment.

The interannual variabilities of urban-rural differ-
ence in temperatures were stronger before 2000 than
that after 2000 in West China (see Fig. 2b). As shown in
Fig. Sla, the number of stations had no obvious change
in 2000 in West China. As shown in Fig. 7, after
adjustment, the interannual variability of urban-rural
difference in temperatures degrades significantly, espe-
cially in West China. The standard deviation of the de-
trended yearly series decreased by 53.7%, 40.3%, and
69.5% for Tpmin, Tmax, and Tyean, r€spectively, in West
China during 1960 to 2014 (Fig. 7b). The changes of
interannual variability in East China are relatively
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FIG. 7. Five-year moving-average curves of the urban—rural dif-
ferences in Tyax, Timin, a0d Tyean after adjusting for the effects of Ry
and L, in (a) East China and (b) West China. (c),(d) Urban-rural
differences in the warming rates for Tax, Tmin, and Tinean before
and after adjusting the effects of R, and L,. Five-year moving-
average curves for (a) and (b) are shown in Fig. S13.

smaller, and the standard deviation of detrended yearly
series decreased by 20.8% and 5.2% for Ty, and Tean,
respectively, but increased by 27.0% for Tp.x (Fig. 7a).
Additionally, the difference of interannual variability
before and after 2000 has almost disappeared, which
indicates that R, and L, play an important role in the
change of interannual variability of urban-rural differ-
ence for temperatures in West China.

For long-term trend, after adjustment, the urban
warming of Tpnean decreased from 0.058°C (10yr) ™! to
0.002°C (10yr) !, accounting for 96.6% of the overall
urban warming in East China (see Table 2 and Figs. S9g—i).
Without the effect of radiative forcing caused by ur-
banization, the warming rate of 7',,x was lower in urban
areas than that in surrounding rural areas by —0.030°C
(10yr) !, but the urban warming trend of Ty, was still
higher than that in rural areas by 0.039°C (10yr) ' (see
Fig. 7c and Figs. S9a—c). In West China, after this ad-
justment, the urban warming of temperatures decreased
by 87.6%-99.0% and almost disappeared (see Fig. 7d
and Figs. S9d-f), which indicates that the urban warming
in West China is mainly attributed to the radiative
forcing caused by urbanization.

Based on the periodic feature of urban-rural differ-
ence in warming, the study period is divided into three
segments including 1960-80, 1981-95, and 1996-2014.
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As shown in Fig. 8, during 1960-80, the urban-rural
difference in temperature increased gradually, without
exhibiting a significant east-west difference. After 1980,
the urban warming in East China sped up, while that in
West China gradually slowed down (see Table S1).
However, the urban warming of Ty, and Tieqn has
fallen sharply and tend to disappear after 1995. Detailed
descriptions of the trends in every segment are shown in
Table S1.

As mentioned above, urban warming showed two
significant turning points in 1980 and 1995. Therefore,
we compared the differences in the trends of the
urbanization warming effects during three periods
(1960-80, 1981-95, and 1996-2014) before and after this
adjustment. As shown in Table S1, after the adjustment,
the urban-rural difference in warming for Tyean be-
tween 1960-80 and 1981-95 decreased by 62.3% in East
China and 75.5% for Tpean in West China, which is
mainly attributed to the decrease in the difference of the
urban warming of Ty,;, between those two periods. The
turning point in 1995 mainly occurred in East China, and
the difference between the urban warming of 7i,can in
1981-95 and 1996-2014 decreased by 98.1% after ad-
justment (see Fig. 8 and Table S1).

4. Discussion

Over the past decades, China has experienced the
fastest urbanization over the world, and the urban per-
centage increased from 19.8% in 1960 to 54.8% in 2014
(see Fig. 2c). The urban expansion has a significant ef-
fect on weather stations and thus adds a spurious trend
to the observed records. In this paper, we intended to
explore the underlying mechanism of the urbanization
effect on warming in order to estimate the warming
trend over China more accurately.

During 1960-2014, the urban-rural difference in
temperatures increased significantly over China, in good
agreement with the rapid urbanization in this period. As
shown in Fig. 2, the variability of urbanization-caused
warming could be roughly divided in three stages. In the
first stage (1960-80), the urban-rural difference in
temperatures showed an increasing trend especially in
Tin (see Fig. 8a), which indicated that the urbanization
has a significant effect on local warming. Owing to the
“Down to the Countryside Movement’” and the lack of
statistical capacity (Xie et al. 2008), urban population
reflected that urbanization over China was in hiatus or
even retrogression (Fig. 2c). However, the production of
steel, coal, oil, and electricity increased by 33%, 91.7%,
449%, and 146% respectively during this period (China
State Statistical Bureau 1994), indicating that China has
undergone rapid urbanization.
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FIG. 8. Urban-induced warming for daily minimum tempera-
ture Tpnin, daily maximum temperature Ty,.x, and daily mean
temperature Tincan during 1960-80, 1981-95, and 1996-2014.
(a) Urban-induced trend for temperatures during those periods
of raw dataset. (b) Urban-induced trend for temperatures dur-
ing those periods after adjusting the effects of R; and L.

In second stage (1981-95), China gradually trans-
formed from a planned economy to a market economy
and began to launch the reform and opening-up policy.
With more harbors and labor, East China had an ad-
vantage in developing the industry and foreign trade
over West China. Consequently, the urbanization sped up
in the former but slowed down in the latter, which ex-
plains how the urbanization-induced warming increased
in East China while decreasing in West China as well as
the similar trend pattern for CA (see Figs. 2 and 8).

However, after 1995, the urban-rural difference of
temperatures trended to a hiatus even though urbani-
zation was accelerating in East China (see Fig. 2a). On
the contrary, with the implementation of the strategy of
developing underdeveloped western provinces, the ur-
banization accelerated and amplified the urbanization-
induced warming in West China after 1995 (see
Fig. 2b). Therefore, in the third stage (1995-2014), the
urbanization-induced warming in West China surpassed
that in East China (see Fig. 8a). In general, the inter-
decadal variabilities of urban-rural difference in tem-
peratures agreed well with the process of urbanization in
China, apart from the hiatus of urbanization-caused
warming after 1995.

To investigate the hiatus of urbanization-induced
warming after 1995, we analyzed the key factors for
the land—-atmosphere interaction, including cloud cover,
aerosols, and air humidity. As shown in Fig. 3a, before
1995, the urban-rural difference for CF and E, had no
significant trend while that for CA rose with increasing
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aerosol emissions in East China. After 1995, the urban—
rural difference in CF and E, turned to a decreasing
trend and that for CA became stable due to the decline
of CF offsetting the increase of aerosols loading. Com-
pared to Fig. 2a, the urban—rural difference in temper-
atures shared a similar interannual variability with that
in CA, and the significant correlation between them
further proved it (see Fig. 4). Based on their robust re-
lationship, it was likely that the hiatus of urbanization-
induced warming in East China was caused by the drop
of the urban-rural difference in CA after 1995.

To prove this hypothesis, we quantified the effect of
changes in CA on the temperatures based on the radi-
ative energy balance on land surface. The results show
that the urbanization-induced changes in CA have the
largest effect on L, and Ry, which explains most of the
trend of urban-rural difference for R, (63.0%) and that
for L, (55.6%) during 1960-2014 in East China (Fig. 3c).
After adjusting the effect from changes in surface radia-
tive balance, the trend of urban—rural difference for T,can
almost disappears (see Fig. 7). Importantly, the difference
among stages in urbanization-induced warming for tem-
peratures almost disappears as well (see Fig. 8b).

Another problem worth discussing is why the urban—
rural difference of cloud cover tends to decrease after
1995. As shown in Fig. 3, after 1995, the relative hu-
midity and vapor pressure decreased significantly with
urbanization in East China, which is consistent with the
“urban dry island” mentioned by existing studies
(Cuadrat et al. 2015; Hage 1975; Unkasevic et al. 2001).
First, the decrease in water vapor pressure not only led
to the increased mixing of water vapor in the boundary
layer and therefore the decreased availability of con-
vective potential energy but also reduced the trans-
portation of moisture from the surface to the upper
troposphere (Zhang et al. 2009). Second, the impact of
aerosol emissions on changes in cloud cover is uncertain
(Ghan et al. 2016). The urban-rural difference in CF
remained stable until 1995 and then began to decrease in
East China, thus offsetting the increase in aerosols with
urbanization and resulting in no significant trend in CA
after 1995 (see Fig. 3a). After 2004, the urbanization
caused the obvious urban dry island in West China,
implying that the urban dry island would occur after the
city grew to a certain scale.

Furthermore, why does urbanization cause a signifi-
cant urban dry island effect? One main reason is the
land-cover change associated with urbanization (Chen
et al. 2014). With urban expansion, a large amount of
vegetation and water is transformed into the impervious
surface such as roads and buildings, which leads to a less
evapotranspiration and more surface absorbed radiation
partitioned into sensible rather than latent heat (Peng
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et al. 2016; Xu and Liu 2015). Consequently, the mois-
ture of urban atmosphere will decrease due to less
water vapor imported from land surface (Danielaini
et al. 2017).

Besides, the land-cover change caused by urbaniza-
tion will change the land surface energy balance, thus
affecting the urban heat island effect. During daytime,
the high-rise urban buildings store solar radiation and
have a shading effect for land surface, which can sup-
press the urban heat island effect (Loughner et al. 2012).
After sunset, the buildings will release the stored energy
and trap the longwave radiation emitted from surface,
which can amplify the urban heat island effect at night
(Kuang et al. 2015). Therefore, it may explain the re-
sidual urbanization-caused cooling effect on Ty, and
urbanization-caused warming effect on T, after ad-
justing the effect of radiation fluxes over East China (see
Fig. 7c). Additionally, the increase in urban density and
height will reduce the wind speed and thus weaken the
diffusion of urban air pollution, which may be an im-
portant cause for the increase of aerosol loading with
urbanization (Guo et al. 2011; McVicar et al. 2008). In
general, with denser buildings and worse air pollution,
the urbanization tends to reduce the surface solar radi-
ation and increase the energy stored in compact struc-
tures during daytime, whereas reduces the longwave
radiative cooling efficiency and releases energy stored in
buildings during nighttime. Therefore, the urbanization-
induced warming of T),.x in East China is lower than
that in West China, whereas the opposite is true for Ty,
(see Figs. 2a and 2b).

In the future, it is worth noting whether the urbaniza-
tion would continue to intensify the urban dry island
effect and further reduce the CA. With the further ex-
pansion of urban scale come an increase of urban im-
pervious surface and a reduction of wetland and
vegetation, which tend to intensify the urban dry island
effect and reduce urban cloud cover. Beside cloud cover,
the variability of CA also depends on the change in the
aerosols loading. With more attention to air quality, there
have been many emission-cutting measures implemented
in cities over China, such as the promotion of new energy
vehicles and the limitation of coal consumption, which
would suppress and even reduce the aerosols emission in
urban areas. In general, the urban-rural difference in CA
is more likely to decrease with the optimization of urban
energy structure, which may effectively further inhibit the
urbanization-caused warming over China.

5. Conclusions

This paper was based on observations obtained
from 2400 weather stations in China that were used to



15 SEPTEMBER 2019

construct a homogenized urban-rural reference series.
Based on the comparison between urban and rural
areas, we analyzed the effects of urbanization on the
warming trends of daily temperatures. Further, we ex-
plored how radiative forcing changes with urbanization
and therefore affects the warming trends of observed
temperatures.

From 1960 to 2014, the warming trends of tempera-
tures exhibited significant urban-rural differences over
China. Urbanization leads to increases in the warming
rates of Tmaxs Tmin, aNd Tean Of 0.025°, 0.095°, and
0.058°C (10yr) ™', which represent 11.4%, 26.7%, and
22.3% of the overall warming, respectively.

Meanwhile, the urban-rural difference in R (L) in-
creased by 0.471 = 0.055Wm * (10yr) ' [0.536 Wm 2
(10yr) '], accounting for 44.3% (31.7%) of the overall
trend over China during 1960-2014. Of the three driving
factors of Ry (L4), aerosols are the most important
components, as they explain 74.1% (54.9%) of the de-
crease (increase) in R, (L,). This is followed by the
feedback of T,, which contributes 29.5% of L, but has
no significant effect on R; finally, the contributions of E,
and their interaction effects are negligible, as they only
account for —2.2% to 10.4% of the overall effects on L.

According to the attribution diagnostics, the
urbanization-induced increase in L, with urbanization
led to urban warming of 0.082°, 0.102°, and 0.093°C
(10yr)7l for Tax> Tmin, and Tinean, respectively, while
the urbanization-induced decrease in R, caused urban
cooling of —0.044°, —0.026°, and —0.037°C (10yr) ' for
Timax> Tmin, and Tiean, respectively. These values con-
tributed changes of 0.037°C (10yr) ! (151.5%), 0.074°C
(10yr) "' (78.2%), and 0.056°C (10yr) " (96.6%) due to
the radiative forcing caused by urbanization.

Overall, after adjusting the impacts of R; and L, the
urbanization warming effect of air temperatures in West
China almost disappeared, while the observed urban
cooling of Tpnax [—0.030° + 0.005°C (10yr) '] and urban
warming of T, [0.039° + 0.004°C (10yr) '] remained
in East China, which may be caused by the high density
of buildings and anthropogenic heat release in urban
areas in East China. The difference in the trend of urban
warming effect before and after 1980 decreased by
62.3% in East China and 75.5% for Tea, in West China.
Additionally, the difference in the trend of urban
warming effect before and after 1995 decreased by
98.1% in East China, which indicated that the decrease
in cloud cover caused by urban drying was the main
driving factor of the slowdown of urban warming after
1995 in East China.

These results still have some uncertainties that require
further study. For instance, the selection criteria of
the reference stations were compromised for various
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reasons, and the observations obtained at reference
stations may retain some residual effects from nearby
changes in land use/land cover (Ren et al. 2015). Addi-
tionally, the empirical models used to derive L, still
have some shortcomings (Wang and Dickinson 2013a).
For instance, the changes in CF do not fully reflect the
effects of cloud changes on longwave radiation, and
the radiative energy balance on the surface is sensitive to
other cloud characteristics, such as the cloud height
and thickness (Jakob et al. 2005; Stephens et al. 2012;
Trenberth et al. 2009), which have been found to have
changed with urbanization in previous studies (Cheng
and Nnadi 2014; Williams et al. 2015). Given the lack of
observation of L, the feedback of 7, on L, may cause a
certain uncertainty to our results derived from empirical
models.

However, this paper draws attention to exploring the
underlying mechanism of urbanization effects and sys-
tematically understanding the complex processes that
they involve; it thus provides a basis for the quantitative
estimation of urbanization effects on global or regional
warming trends.
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