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ABSTRACT

Eastern China has experienced rapid urbanization during the past four decades, and it is necessary to understand the
impacts of the urbanization on the regional climate. Previous simulations with either regional climate models (RCMs)
or general circulation models have produced inconsistent and statistically non-significant urbanization effects on pre-
cipitation during the East Asian summer monsoon. In the studies with RCMs, reanalysis data were used as the lateral
boundary conditions (LBCs) for both urban and non-urban experiments. Since the same LBCs may limit the urbaniz-
ation effect, in this study, the Weather Research and Forecasting (WRF) model nested within the Global Forecast
System (GFS), both of which were coupled with an urban canopy model, were used to explore the urbanization ef-
fect over eastern China. The WRF’s LBCs in the runs with/without urbanization were provided by the corresponding
GFS runs with/without urbanization. The results showed a significant decrease in precipitation over North China,
mainly due to a marked decrease in evaporation and the divergence induced by the reduced latent heating in the mid
and upper atmosphere, from the experiment with urbanization. Meanwhile, to the north and south of the large-scale
urbanization areas, especially to the south of the Yangtze River, precipitation increased significantly due to large-
scale urbanization-induced circulation change. With the same LBCs for the WRF runs with/without urbanization, the
urbanization effects were limited only to urban and nearby areas; no significant change was found to the south of the
Yangtze River, since the same LBCs hampered the effects of urbanization on large-scale circulation. In addition, this
study demonstrated that the urban fraction may be a key factor that affects the intensity of the urbanization effect
within the urban areas.

Key words: urbanization effect, regional climate model, uncertainty analysis, lateral boundary condition, urban frac-
tion
Citation: Quan, J. P., Y. K. Xue, Q. Y. Duan, et al., 2021: Numerical investigation and uncertainty analysis of east-

ern China’s large-scale urbanization effect on regional climate. J. Meteor. Res., 35(6), 1023—1040, doi:
10.1007/s13351-021-1033-y.
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pecially in the Beijing—Tianjin—Hebei (BTH; around 38°—

Land use and land cover (LULC) change plays an im-
portant role in regional climate by altering the energy and
moisture exchange between the land surface and the at-
mosphere (Xue, 1996; Xue et al., 2004). With the rapid
urbanization in the past few decades in eastern China, es-

40.5°N, 115°-118°E), Yangtze River Delta (YRD; around
30°-32.5°N, 119°-122°E), and Pearl River Delta (PRD,;
around 22.5°-23.5°N, 112.5°-114.5°E) regions, all of
which are outlined in Fig. 1d, understanding the climatic
effects of urbanization-induced LULC change has be-
come a necessity. The East Asian summer monsoon is

Supported by the National Key Research and Development Program of China (2018YFC1507801), National Science Foundation of
U.S. (AGS-1419526), Beijing Natural Science Foundation (8204061), Beijing—Tianjin—Hebei Collaborative Innovation Community Con-
struction Project (19245419D), and State Key Laboratory of Earth Surface Processes and Resource Ecology (2017-KF-05).
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one of the major climate features in eastern China (Xue
et al., 2004), and therefore we focus mainly on the ef-
fects of urbanization on the summer monsoon in this paper.

Researchers have extensively explored the effects of
urbanization based on observational data. In particular,
the urban heat island (UHI) effect (Oke, 1979), which is
the phenomenon whereby temperature in urban areas is
higher than that in the surrounding rural areas, has been
confirmed by observational data from satellites (Jin et al.,
2005; Peng et al., 2012; Zhou et al., 2015) as well as
ground stations (Wang et al., 1990; Wu and Yang, 2013;
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Liao et al., 2017).

Although there is consensus on the UHI effect, the
urban effect on precipitation during the warm season is
uncertain. Some studies, based on comparing the precip-
itation over urban areas and their surrounding rural areas,
have suggested an urbanization-induced increase in pre-
cipitation over urban areas (Song et al., 2014; Li et al.,
2015). Such changes, however, have been found to be
statistically non-significant. Moreover, there may be
some caveats to the results. For instance, the dynamic
growth and intensity of the urbanization were not taken

(a) NoUrban land use map (b) Urban land use map
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Fig. 1.

(a) The NoUrban LULC map used in the WRF experiment without urbanization. (b) The Urban LULC map used in the WRF experi-

ments with urbanization. (c) Artificial land-use map for eastern China, the data for which were from the Global Artificial Land Surface Dataset at
30-m resolution (2010) (Chen et al., 2014). (d) Urban fraction map estimated based on the artificial land-use map shown in (c). The regions en-
circled in black indicate the urban areas where the urban fraction is greater than 0.15.
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into consideration, and when those specific urban charac-
teristics have been considered, different results emerged
(Kaufmann et al., 2007; Niyogi et al., 2017). For ex-
ample, by considering the urban growth in each year in
the Pearl River Delta region with analysis based on the
notion of Granger causality, no causal relationship was
found between urbanization and precipitation during
summer (Kaufmann et al., 2007). Meanwhile, taking in-
to account the intensity of urbanization over the eastern
United States, it was found that urban centers experi-
enced a decrease in rainfall amounts, but areas located in
the urban periphery exhibited a higher probability of
heavy rainfall (Niyogi et al., 2017). Another study also
showed that the impact of urbanization and forest cover
change on precipitation was inconclusive (positive, neut-
ral, and negative; Cao et al., 2020).

Since the observational data in urban and surrounding
areas are normally composed of effects caused by many
factors in addition to urbanization, such as aerosol condi-
tions, climate variability and change, anthropogenic heat
release, etc., it is hard to isolate the effects of urbaniza-
tion from other factors. Accordingly, climate models
have to be applied to identify the effects of urbanization.

Both regional climate models (RCMs) and general cir-
culation models (GCMs) have been employed to explore
the effects of urbanization on the East Asian summer
monsoon. In general, such numerical experiments have
used two land-use maps: one being before and the other
after the urbanization in the GCM and RCM for non-urban
and urbanization experiments, respectively. By compar-
ing the results from the runs with the different land-use
maps, the results consistently show urban-induced warm-
ing over urban areas (Miao et al., 2008; Zhang et al.,
2010; Wang et al., 2013; Cao et al., 2016; Ma et al.,
2016; Liao et al., 2017; Zhao and Wu, 2017), confirming
the UHI effect.

In addition, the effects of urbanization on precipita-
tion are again rather divergent in model simulations.
Studies with the Community Atmosphere Model and
Community Land Model for urbanization effects over
East China indicate that precipitation has decreased over
the large-scale urbanization area and increased to the
south (Ma et al., 2016); however, the decreases over the
large-scale urbanization areas are statistically non-signi-
ficant, probably because of the coarse horizontal model
resolution.

Studies with RCMs [(for example, the Weather Re-
search and Forecasting (WRF) model with the Noah land
surface model)] have mainly focused on the effects of
urbanization over the three main urban agglomeration
areas in eastern China (BTH, YRD, and PRD). The urban
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effects on precipitation over these urban areas are mostly
statistically non-significant and not always consistent
among RCMs (Zhang et al., 2010; Cheng and Chan,
2012; Wang et al., 2012; Zhang et al., 2014; Zhao and
Wu, 2017). For each urban agglomeration area (BTH,
YRD, or PRD), most simulations show an increase in
precipitation, but some show a decrease.

It is noteworthy that all simulations with RCMs have
used reanalysis data as the lateral boundary conditions
(LBCs) for both urban and non-urban experiments. Since
RCMs are designed to preserve the large-scale circula-
tion features in the imposed LBCs and to add more in-
formation at a finer scale, the same LBCs may dampen
the effects of imposed perturbations in the sensitivity ex-
periment (Xue et al., 2014). In this study, we used the
NCEP Global Forecast System (GFS) nested with the
Advanced Research version of WRF (WRF-ARW), both
of which were coupled with the Simplified Simple Bio-
sphere Model (SSiB; Xue et al., 1991; Sun and Xue,
2001) and an urban canopy model (Oleson et al., 2008;
Liu, 2013), to explore the effects of urbanization in East
China. In one set of the experiments, the RCM’s LBCs
with/without urbanization were specified with the corres-
ponding GFS LBCs with/without urban LULC change.
In addition, we also ran WRF with/without urbanization
experiments with the same LBCs from the GFS non-urb-
an experiments. By comparing the differences in the urb-
anization effects with the different LBCs and the same
LBCs, the latter of which is the approach used in almost
all previous RCM studies on the effects of urbanization,
the uncertainty in the urbanization effects due to LBCs
was assessed.

In addition, another factor that may cause large uncer-
tainty in assessing the urbanization effects that is the urban
fraction in the urban canopy model. This study also
tested the effects of two approaches in specifying the
urban fraction, both of which have been widely em-
ployed in previous studies with RCMs. One assigns a
constant for the urban fraction over all of the urban areas
(such as 0.9 or 0.95; Lo et al., 2007; Zhang et al., 2010;
Cheng and Chan, 2012; Wang et al., 2012; Zhang et al.,
2014); while in the other approach, the urban fraction at
each urban grid cell is calculated more realistically based
on urban land-cover datasets (Hu et al., 2015; Jia et al.,
2015; Zhao and Wu, 2017).

2. Methods

2.1 Model description

The NCEP’s GFS (Saha et al., 2010), as well as the
NCNR’s WRF-ARW, version 3.7 (Skamarock et al., 2008),
were employed in this study. A single-layer urban can-
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opy model (Oleson et al., 2008; Liu, 2013) was coupled
to the SSiB land-surface model in the GFS and WRF
models (Xue et al., 1991; Sun and Xue, 2001). GFS/SS-
iB and WRF/SSiB have been used extensively for stud-
ies in East Asia (Xue et al., 2004, 2010, 2018; Sato and
Xue, 2013; Li et al., 2016). The performances of these
models in capturing the major climate features in East
Asia have been extensively validated in these studies.

In total, there are 18 input parameters in the urban
model to describe the morphological, radiative, and
thermal characteristics of the urban model (Table 1). The
values of the parameters were assigned based on global
databases of urban extent and characteristics that can be
utilized to simulate urban systems on a global scale
(Jackson et al., 2010). In addition, we also specified
some settings for the urban model in eastern China based
on related literature (Wang and Jiang, 2009; Zhang et al.,
2010; Cheng et al., 2011; Miao et al., 2012; Ding, 2013;
Meng and Dai, 2013).

In addition to the SSiB land-surface model coupled
with the urban-canopy model, the other parameterization
schemes used for the WRF simulations (Li et al., 2016)
included the Kain—Fritsch scheme (Kain, 2004) for cu-
mulus processes, the WSM Single-Moment 6-class
scheme (Hong and Lim, 2006) for microphysics pro-
cesses, the Community Atmosphere Model scheme for
short- and longwave radiation processes (Collins et al.,
2004), and the Yonsei University scheme (Hong et al.,
20006) for planetary boundary layer processes.

2.2 Land-use and land-cover maps

The NoUrban LULC map (Fig. la) was generated

Table 1. Input data for the urban model

Parameter description Value
Morphological characteristics
Building height (m) 21
The fraction of building in unit urban area 0.35
Ratio of building height and street width 1.0
Radiative characteristics
Surface albedo of building roof for visible light 0.17
Surface albedo of building roof for infrared light 0.37
Surface albedo of building wall for visible light 0.25
Surface albedo of building wall for infrared light 0.35
Surface albedo of impervious ground for visible light 0.13
Surface albedo of impervious ground for infrared light 0.16
Surface emissivity of roof 0.91
Surface emissivity of building wall 0.907
Surface emissivity of impervious road 0.91
Thermal characteristics
Heat capacity of roof (J m > K ") 554066.03
Heat capacity of wall J m™> K ™) 936188.98
Heat capacity of impervious road (Jm > K ™) 1712294.74
Thermal conductivity of roof Jm™' s ' K™) 0.08
Thermal conductivity of building wall I m™' s 7' K™) 1.32
Thermal conductivity of impervious road (J m™' s K™") 1.67
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with the default SSiB LULC map (Xue et al., 2004), in
which there was no urban LULC. The Urban LULC map
(Fig. 1b) was created by overlaying the NoUrban LULC
map with the urbanization map, which was based on the
2010 Global Artificial Land Surface Dataset at 30-m res-
olution over eastern China (Fig. 1c; Chen et al., 2014;
available at http://www.geodoi.ac.cn/). The Artificial
Land Surface Dataset was developed based on data min-
ing via the integration and analysis of 9907 scenes of the
USA Landsat Thematic Mapper 5, Enhanced Thematic
Mapper data, and 2640 scenes of China’s Environmental
Disaster Mitigation Satellite data in 2010 (Chen et al.,
2017). Figure 1d shows three urbanization areas: two are
the large-scale urban areas over the lowland plains of
eastern China that cover the BTH and YRD regions, and
the other one is in the PRD region of southern China.

For each grid cell in the urban area, only part of it was
urban with an impervious surface. The other part was
represented by the natural LULC in the NoUrban LULC
map. The percentage of urbanization was specified by the
urban fraction. The urban fractions in all of the urban ex-
periments except for the GFS_Urban ConsFrac and Urb-
anl_ConsFrac experiments (Table 2, which will be dis-
cussed in Section 2.3) were estimated based on the 2010
Global Artificial Land Surface Dataset at 30-m resolu-
tion (Fig. 1c; Chen et al., 2014), and are consistent with
those found by satellite images (Hu et al., 2015). Three
major urbanization areas where the urban fractions are
greater than 0.15 are shown (Fig. 1d): the area over east-
ern China (including the BTH area, YRD area, and PRD
area); the latter two areas are far smaller than the former
one. In the following analyses, some isolated urban
areas will be smoothed and only the three major urbaniz-
ation areas will be specified for clarity. The urban frac-
tions in the GFS Urban ConsFrac and Urbanl
ConsFrac experiments were set to a constant value of 0.4
(Table 2) based on the fraction of impervious surface
over the BTH and YRD areas estimated by remote sens-
ing observations (Cui et al., 2015; Han et al., 2015).

2.3 Experimental design

Three scenarios with the GFS (Table 2) were de-
signed: (1) GFS NoUrban, (2) GFS Urban, and (3)
GFS_Urban ConsFrac. All of the settings for the three
scenarios were the same, except for the LULC maps.
GFS NoUrban used the NoUrban LULC map; GFS
Urban used the Urban LULC map with the urban frac-
tion for each grid cell estimated based on the 2010 Global
Artificial Land Surface Dataset as discussed in Section
2.2 (similar to Fig. 1d, omitted); and GFS Urban
ConsFrac used the Urban LULC map with a constant
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Table 2. Experimental design
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Model Experiment Resolution Land use HI;;;ld use S?Saﬁof‘rl Z(r: tion Esrt]zriz:ilot;oundary Simulation period

GFS GFS_ NoUrban T126 NoUrban N/A N/A 30 Aprto 1 Aug
GFS_Urban Urban Fig. 1d 2005-2014
GFS_Urban_ConsFrac Urban 0.4

WRF  NoUrban 25 km NoUrban N/A GFS_NoUrban 2 May to 1 Aug
Urbanl Urban Fig. 1d GFS_Urban 2005-2014
Urban2 Urban Fig. 1d GFS_NoUrban
Urbanl ConsFrac Urban 0.4 GFS_Urban_ConsFrac

urban fraction of 0.4 for each grid cell, which is slightly
exaggerated with an average increase by about 0.27. Ten
cases from 2005 to 2014 were simulated for each scen-
ario, with each being integrated from 30 April to 1 Au-
gust. The horizontal resolution was T126. The initial
conditions were from CFSv2 reanalysis data (Saha et al.,
2010), and the sea surface temperature and sea ice data
were from the ERA-Interim reanalysis dataset of the
ECMWF (Dee et al., 2011).

Four scenarios with the WRF model (Table 2) were
designed: (1) NoUrban, (2) Urbanl, (3) Urban2, and (4)
Urbanl_ConsFrac. NoUrban was the control experiment.
It used the NoUrban LULC map (Fig. 1a) and LBCs
from GFS NoUrban. The other three experiments were
the sensitivity experiments. All of them used the Urban
LULC map (Fig. 1b). However, the LBCs and urban
fractions were different. The urban fractions in the Urb-
anl and Urban2 experiments (Fig. 1d) were estimated
based on the 2010 Global Artificial Land Surface Data-
set (Fig. 1c)—similar to the settings for GFS_Urban, but
with different LBCs. Urbanl used the LBCs from
GFS_Urban, while Urban2 used the LBCs from GFS
NoUrban. The LBCs in Urbanl ConsFrac were from
GFS Urban ConsFrac, and the urban fraction used in
Urbanl ConsFrac was 0.4, which was the same as the
setting in GFS_Urban_ConsFrac.

GFS_NoUrban
Map: NoUrban

The results with the Urban LULC map minus those
with the NoUrban LULC map indicated the urbanization
effects due to urban LULC change (Fig. 2). GFS_Urban
minus GFS NoUrban indicated the urbanization effects
with GFS simulations. GFS _Urban ConsFrac minus
GFS NoUrban also indicated the urbanization effects
with GFS simulations, but the urban fraction was con-
stant (0.4) over all of the urban areas. Urbanl minus
NoUrban indicated the WRF-simulated urbanization ef-
fects. Urban2 minus NoUrban indicated the WRF-simu-
lated urbanization effects with the same LBCs.
Urbanl_ConsFrac minus NoUrban indicated the WRF-
simulated urbanization effects with a constant urban frac-
tion of 0.4. Therefore, the difference between Urbanl
and Urban2 showed the uncertainty in the effect of urb-
anization due to the LBCs, and the difference between
Urbanl and Urbanl ConsFrac showed the uncertainty
due to the specification of urban fraction.

3. Results

The analyses in this section focus on the mean of June
and July averaged over 10 yr from the WRF-simulated
urbanization effects with the control and sensitivity runs
using the LBCs from the corresponding GFS control and
sensitivity runs, respectively, as well as the mechanisms

GFS_Urban
Map: Urban
Urban fraction: Fig. 1d

GFS_Urban_ConsFrac
Map: Urban

Urban fraction: constant, 0.4

Urban fraction: Fig. 1d

LBCl LBCl LBC2 LBC3
4 v A4 v
WREF: Urban2 WRF: NoUrban WRF: Urbanl WREF: Urbanl_ConsFrac
Map: Urban Map: NoUrban Map: Urban Map: Urban

Urban fraction: Fig. 1d Urban fraction: constant, 0.4

Urban2-NoUrban

Urban1-NoUrban

Urbanl_ConsFrac-NoUrban

v

Urbanization effects
with the same LBCs

J [ Urbanization effects ] [

Urbanization effects with
constant urban fraction

Fig. 2. Experimental design and urbanization effects.
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involved. These results are also compared to those ob-
tained from the control and sensitivity runs with the same
LBCs. The sensitivity of the urbanization effects to urb-
an fractions is also discussed.

3.1 WRF-simulated urbanization effects with different

LBCs

In this section, the NoUrban run is used as the control
run, the Urbanl run is used as the sensitivity run, and
their differences are used to assess the urbanization effect.
3.1.1 WRF-simulated urbanization effects on energy

balance and surface temperature

With urbanization, the natural surface is replaced by
artificial land surfaces with different albedo and emissiv-
ity. Meanwhile, the urban canyon traps the incoming
shortwave and outgoing longwave radiation. The surface
albedo and emissivity are highly dependent on the radiat-
ive characteristics of building rooves, building walls, and
impervious roads. These urban surface parameters val-
ues in this study were specified based on global data-
bases of urban extent and characteristics (Jackson et al.,
2010) and related literature (Wang and Jiang, 2009;
Zhang et al., 2010; Cheng et al., 2011; Miao et al., 2012;
Ding, 2013; Meng and Dai, 2013). Our simulations also
produced very small changes in albedo and emissivity
(not shown), generally consistent with the results indic-
ated by the Global Land Surface Satellite (GLASS)
products (Liu et al., 2013; Cheng et al., 2014).

The surface incoming shortwave radiation flux (Fig.
3a) increases significantly over the area around
32.5°-40.5°N, 112°-119°E, which covers the BTH and
its surrounding areas and is referred to as North China in
this paper, as well as over the south coastal PRD area,
probably due to the decrease in low-level cloud cover
(Fig. 4a). Meanwhile, the incoming shortwave radiation
decreased in the northern part of North China, over the
YRD, and to the south of the Yangtze River, where low-
and medium-level cloud cover increase (Fig. 4).

The surface net shortwave radiation flux (Fig. 3b),
which is positive downward, increased, and decreased
accordingly by about 3—15 W m? in the areas with re-
duced and elevated cloud, respectively. However, the
surface net longwave radiation flux (Fig. 3c), which is
positive downward, decreased by about 10-30 W m>
over all of the urban areas owing to reduced incoming
longwave radiation and high surface temperatures. Since
the decrease in surface net longwave radiation flux was
larger than the increase in surface net shortwave radi-
ation flux, the surface net radiation flux (Fig. 3d) de-
creased by about 3-20 W m 2 over North China and 3-9
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W m2 over the PRD. Over the YRD, both the surface net
shortwave radiation flux and the longwave radiation flux
decreased; the surface net radiation flux decreased by
about 15-30 W m™2.

The impervious surfaces in the urban areas along with
the lower surface net radiation flux reduce the evapora-
tion/latent heat flux from the land surface (Fig. 5a). The
decrease in surface wind speed due to high surface
roughness length is another factor that contributed to the
decrease in surface evaporation, which will be addressed
in detail in Section 3.1.2. The maximum reduction in lat-
ent heat flux over the urban areas reached more than 30
W m?, which was larger than the reduction in surface
net radiation flux. As a result of the surface energy bal-
ance, the surface sensible heat flux and ground heat flux
increase (Figs. 5b, ¢).

Consistent with the increased surface ground heat flux
and sensible heat flux, the surface skin temperature rose
significantly over the urban areas (Fig. 6a), indicating a
UHI effect. The increases in surface temperature were
about 0.2-1°C over North China and the PRD, and
0.2-0.6°C over the YRD, which was the weakest among
the three urbanization clusters. The 2-m air temperature
there also showed a very similar increase. The simulated
intensity of the UHI effect was consistent with the ob-
served one. Based on station data in Beijing, Yan et al.
(2016) suggested that the intensity of the annual average
UHI is about 1-1.5°C, and Yang et al. (2013) suggested
the intensity of the UHI in summer is about 0.92°C.
Since the effects of anthropogenic heat release in the urb-
an areas were not taken into consideration here (e.g., the
heat emissions of air conditioning, vehicles, etc.), the
simulated UHI intensity could be a little weaker
than observed, and its spatial heterogeneity characterist-
ics could be different from those observed, which indic-
ates that the urbanization-induced warming in summer is
strongest in the YRD among the three urbanization
clusters in eastern China (Wu and Yang, 2013).

To the south of the Yangtze River, the decrease in sur-
face net shortwave radiation flux was larger than the in-
crease in surface net longwave radiation flux; thus, the
surface net radiation flux decreases by about 3—15 W m >
(Fig. 3). The reductions in surface latent heat flux were
smaller compared to the areas with urbanization (Fig. 5).
As such, the surface temperature decreased significantly,
by about 0.2-0.6°C (Fig. 6a).

3.1.2  WRF-simulated urbanization effects on precipita-
tion and circulation

The difference between the Urbanl and No-urban runs
show a remarkably dry belt over North China (Fig. 6b),
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Fig. 3. WRF-simulated June—July urbanization effects on (a) surface downward shortwave radiation flux (W m2), (b) surface net shortwave ra-
diation flux (W m™2), (c) surface net longwave radiation flux (W m>), and (d) surface net radiation flux (W m™2). Black dots indicate statistically
significant areas at the 90% confidence level according to a #-test. The anomalous regions encircled in black indicate urban areas where the urban
fraction is greater than 0.15. Some isolated urban areas are smoothed for clarity.

where precipitation is decreased significantly by about
1.5-3.5 mm day '. The results also show three wet belts:
the north of North China, north of the YRD, and south of
the Yangtze River. Precipitation increased significantly
by about 0.5-3.5 mm day ' over the north of North
China, and by about 1.5-4.5 mm day ' over the north of
the YRD and to the south of the Yangtze River (Fig. 6b).
The reduction in precipitation in North China was con-
sistent with the reduction there in surface latent heat flux

(Fig. 5a) and descending motion (Fig. 7a), which were
mainly related to the reduced atmospheric heating in-
duced by the changes in surface characteristics and re-
duced surface latent heat flux—similar to the discussion
in Xue (1996). With the decrease in surface evaporation
induced by the urbanization in North China, latent heat-
ing in the mid and upper atmosphere was reduced, lead-
ing to a local cooling in the atmospheric layers, and thus
a relative subsidence that contributed to the decrease
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(b) Medium-level cloud cover
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Fig. 4. WRF-simulated June—July urbanization effects on (a) low-level cloud cover (%) and (b) medium-level cloud cover (%). Black dots in-
dicate statistically significant areas at the 90% confidence level according to a #-test. The anomalous regions encircled in black indicate urban
areas where the urban fraction is greater than 0.15. Some isolated urban areas are smoothed for clarity.

there in low-level cloud cover (Fig. 4).

Due to the reduced latent heating in the mid and up-
per atmosphere, after the meridional temperature gradi-
ent reaches a peak near 32°N, roughly in the southern
periphery of North China, it decreases to the north (Fig.
7b, averaged over 112°-119°E). The westerly wind an-
omaly reaches a peak at 32°N and an easterly wind an-
omaly appears to the north of 36°N (Fig. 7c), indicating a
southward movement of the subtropical upper jet and the
rainfall band (Fig. 6b). After analyzing the relationships
between the subtropical upper jet and the changes in pre-
cipitation using NCEP reanalysis data and other observa-
tions, Du et al. (2009) suggested that the southward
movement of the East Asian subtropical westerly jet is
associated with more precipitation in the south and less
precipitation in the north of East China.

With the anomalous subsidence produced in North
China, because of the atmospheric mass balance as
shown in the continuity equation, in the lower atmo-
sphere, a southward atmospheric movement is induced to
the south of the large-scale urbanization area, which
tends to slow down the northward movement of the mon-
soonal flow. Moreover, the urban surface also creates
barrier blocking/slowing of the northward monsoonal air-
flow at the lower levels. After urbanization, the surface
roughness over the urban areas is increased (Fig. 8a) due
to the presence of buildings, which imposed strong drag

to slow down the wind in the surface layer (Xue et al.,
1990). The wind speed at 10 m is weakened by about
0.2-0.4 m s ' over the urban areas (Fig. 8b), consistent
with observations over East China (Wu et al., 2016; Li et
al., 2017; Zha et al., 2017; Liu et al., 2018).

The weakening of the northward monsoonal flow (Fig.
8c) and associated divergence in North China are the res-
ult of high surface roughness length, enhanced descend-
ing motion, and a southward shift of the subtropical up-
per jet. As such, anomalous convergence was produced
to the south of the large-scale urbanization area. Con-
sequently, precipitation is enhanced to the south of the
large-scale urbanization area, and the low- and medium-
level cloud cover increase.

Both the decrease in surface evaporation and increase
in integrated moisture flux divergence contribute to the
low precipitation over North China. The surface evapora-
tion decreases by about 0.3—-1.4 mm day ' (Fig. 5a) and
the integrated moisture flux divergence increases by
about 1-4 mm day ' (Fig. 8c). As a result, precipitation
decreases significantly (Fig. 6b).

The divergence in North China induce a convergence
to the north of 40°N, the north of the YRD, and the south
of the Yangtze River, contributing to the three wet belts
indicat above. Over the three wet belt areas, the substan-
tial increase in integrated moisture flux convergence
(Fig. 8c) is the dominant factor that lead to the increase
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Fig. 5. WRF-simulated June—July urbanization effects on surface (a) latent heat flux (W m>), (b) sensible heat flux (W m™), and (c) ground
heat flux (W m™2). Black dots indicate statistically significant areas at the 90% confidence level according to a t-test. The anomalous regions en-
circled in black indicate urban areas where the urban fraction is greater than 0.15. Some isolated urban areas are smoothed for clarity.

in precipitation there. The increase in integrated mois-
ture flux convergence there is dominant, at about 14
mm day ' to the north of North China and to the south of
the Yangtze River, where the reduction in surface evap-
oration is less than 0.3 mm day '. Over the north of the
YRD, the increase in integrated moisture flux conver-
gence is even higher, at about 2-6 mm day .
Precipitation increased and decreased non-signific-
antly over urban areas in Beijing and Tianjin, respect-
ively—consistent with observational results that indic-

ated no obvious effect on precipitation in the BTH city
cluster (Jiang and Li, 2014). The precipitation changes
over the YRD and PRD urban areas showed complex
features. The precipitation decreased by about 0.5-1.5
mm day ! over the southern part of the YRD, where the
reduction in surface evaporation was dominant at about
1-1.4 mm day'. The enhanced precipitation in the north-
ern part of the YRD was part of one of the wet precipita-
tion belts discussed earlier. The anomalous precipitation
pattern over the YRD showed consistency with the ana-
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(a) Surface temperature (b) Precipitation
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Fig. 6. WRF-simulated June—July urbanization effects on (a) surface skin temperature (°C) and (b) precipitation (mm day'). Black dots indic-
ate statistically significant areas at the 90% confidence level according to a #-test. The anomalous regions encircled in black indicate urban areas
where the urban fraction is greater than 0.15. Some isolated urban areas are smoothed for clarity.

(b) Latitude—height cross-section of the meridional (c) Latitude—height cross-section of zonal wind
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Fig. 7. WRF-simulated June—July urbanization effects on (a) vertical velocity at 500 hPa (cm s'), (b) the latitude—height cross-section of the
meridional temperature gradient (K degree™') averaged over 112°~119°E, and (c) the latitude—height cross-section of zonal wind (m s™') aver-

aged over 112°-119°E.

lysis using the high-resolution Climate Prediction Center
Morphing technique precipitation product (CMORPH,;
Fuetal., 2019).

Precipitation over the PRD showed a non-significant
decrease over the north and a non-significant increase
over the south. These patterns of anomalous precipita-
tion patterns are in line with previous simulation results,
which showed a decrease and an increase in rainfall over

the inland region and coastal region of the PRD urban
area, respectively (Cheng and Chan, 2012). However, ob-
servational data suggest that there is no causal relation-
ship between urbanization and summer precipitation over
the PRD (Kaufmann et al., 2007).

For urban areas close to the ocean, sufficient water va-
por in the atmosphere normally favors the thermal con-
vection induced by the warming of the surface. As such,
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(c) Wind at 850 hPa and integrated moisture flux
convergence over the whole atmospheric column
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Fig. 8. WRF-simulated June—July urban effects on (a) surface roughness (m), (b) wind speed at 10 m (m s™"), and (c) wind at 850 hPa and integ-
rated moisture flux convergence over the whole atmospheric column (mm day ™).

the increase or decrease in precipitation over these urban
areas depends on whether the reduction in evapotranspir-
ation or the increase in the moisture flux convergence
dominates the processes, and normally displays complex
precipitation-anomaly features.

3.2 WRF-simulated urbanization effects with the same
LBCs

In this next part of the study, the NoUrban run was
used as the control run and the Urban2 run, which used
the same LBCs as the NoUrban run, was used as the
sensitivity run. Their differences were used to assess the
effects of urbanization under the same LBCs for both
runs.

The results show significant warming of about 0.2—
1.4°C over all three urban areas—warmer than that simu-
lated with the different LBCs (Figs. 6a, 9a). In the Urb-
an2 run, the changes in surface condition over the urban
areas are the same as those in the Urban1 run. The urban-
induced changes in surface latent heat flux and net radi-
ation flux are also similar (not shown). Outside the urb-
an areas, there were no changes in surface temperature
around the YRD or to the south of the Yangtze River—
different from the significant cooling simulated with the
different LBCs, which is induced by the changes in
large-scale circulation.

Compared to the results simulated with different LBCs
(Fig. 6b), the effects of urbanization on precipitation
(Fig. 9b) suggest a similar pattern over the urban and sur-
rounding areas. One dry belt is apparent over North
China, while two wet belts appear north of North China
and over the north of the YRD area. However, the intens-

ity of these two wet belts is weaker. Moreover, no signi-
ficant changes in precipitation are found to the south of
the Yangtze River. That said, the effect of urbanization
on precipitation is similar only over urban areas with the
same LBCs.

The significant differences in the response of surface
temperature and precipitation outside the urban areas are
the reason that there have been no striking changes in cir-
culation in the runs with the same LBCs. Although the
wind speed at 10 m decreases over most of the urban
areas (not shown), similar to that simulated with differ-
ent LBCs, there are no significant changes for the meridi-
onal temperature gradient (not shown) and zonal wind
speed (not shown). No substantial shift in the subtropical
jet is found (Fig. 10c).

The simulations with different LBCs dynamically
downscaled the effects of the urbanization on circulation.
However, the simulations with the same LBCs limited
the effects of urbanization on circulation change because
the basic principle of the RCM’s design is to preserve the
imposed large-scale circulation from the imposed LBCs
(Xue et al., 2014). When the main pathway of the devel-
oping perturbation was through large-scale circulation
change caused by the urbanization, the imposition of the
same LBCs could hamper the necessary modification at a
large scale, especially when the urbanization-induced
large-scale circulation was not that strong. With the same
LBCs, the large-scale circulation changes in the Urban2
run due to the effects of urbanization were largely re-
strained. The effects of urbanization on 200-hPa zonal
wind simulated by the WRF with different LBCs are con-
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Fig. 9. WRF-simulated June—July urbanization effects on (a) surface temperature (°C) and (b) precipitation (mm day™') with the same LBCs.
Black dots indicate statistically significant areas at the 90% confidence level according to a #-test. The anomalous regions encircled in black in-
dicate urban areas where the urban fraction is greater than 0.15. Some isolated urban areas are smoothed for clarity.

sistent with the GFS results (Figs. 10a, b}—both show-
ing stronger zonal wind near 30°N due to changes in the
temperature gradient (Li et al., 2007). However, with the
same LBCs, this process of thermal wind adjustment is
compromised because of the same imposed large-scale
circulation (Fig. 10c), which led to crucial differences in
the RCM-simulated urbanization effects outside the urb-
an areas between the runs with the same LBCs and those
with different LBCs (Figs. 6, 9). The WRF results with
different LBCs show cooling and a significant increase in
precipitation outside the urbanization area, consistent
with the GFS simulation (Fig. 6, see Fig. S1 in the sup-
plemental material). However, the GFS results were stat-
istically non-significant, demonstrating the added value
in regional downscaling.

3.3 Sensitivity of urbanization effects to the urban frac-
tion

The two sensitivity experiments, Urbanl and
Urbanl ConsFrac, were downscaled from the GFS Ur-
ban run and GFS Urban_ConsFrac run, respectively.
The differences between the Urbanl ConsFrac run and
the NoUrban run indicated the urbanization effects with
an exaggerated urban fraction map, which was specified
a constant value of 0.4. The effects of urbanization with
this exaggerated urban fraction map and the sensitivity of
these effects to the urban fraction are discussed in this

section.

With the urban fraction map changing to a constant
value of 0.4 (Urbanl_ ConsFrac), the urban fraction in
most of the urban areas (Fig. 1b) increases, indicating an
expansion of urbanization, while only over the intensive
urbanization areas (e.g., some areas in the BTH and
YRD) did the urban fraction decrease, by about 0.1-0.4.

The results indicate that the general pattern of the ef-
fects of urbanization simulated with the constant urban
fraction map is similar to that simulated with the realistic
urban fraction map (Figs. 6, 11). Associated with the
high urban fraction, the surface temperature (Fig. 11a)
increases substantially over all of the urban areas and de-
creased to the south of the Yangtze River. A similarly
dry precipitation belt was apparent over North China
along with three wet belts outside the urban areas, as dis-
cussed in Section 3.1. With the exaggerated urban frac-
tion, the general pattern does not change (Fig. 11b).

However, there are some differences in the finer de-
tails. For example, the reduction in surface latent heat
flux (not shown) strengthens with the increase in urban
fraction. Therefore, the warming over the three urban
areas covers a much larger area and became stronger
(Figs. 6a, 11a). In addition, the reduction in evaporation
over the north of the YRD area is larger (not shown) than
that simulated with the realistic urban fraction map (Fig.
5a), and quite dominant. Meanwhile, the northward mon-
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Fig. 10. Urbanization effects on June—July mean zonal wind (m s™') at 200 hPa: (a) GFS simulation, (b) WRF simulation with different LBCs,

and (c) WRF simulation with the same LBCs.

soonal flow becomes weak and shifted to the south, as in-
dicated by a relatively southward monsoonal flow and
enhances convergence to the south of the Yangtze River
(Fig. 12). As such, the increase in precipitation over the
north of the YRD is not as significant as that simulated
with the realistic urban fraction map; and meanwhile, the
increase in precipitation over the south of the Yangtze
River becomes very strong (Figs. 6b, 11b).

4. Conclusions and discussion

In this study, an urban canopy model is coupled to the
SSIB land-surface model in both GFS and WRF-ARW
v3.7 to explore the large-scale urbanization effect in east-
ern China. The results with the nested GFS and WRF
with/without urbanization show that the large-scale urb-
anization in eastern China significantly impacts the re-
gional climate. With urbanization, the cloud cover de-
creases over most urban areas due to reduced evapotran-
spiration, leading to a decrease in the surface net radi-
ation flux. The surface latent heat flux decreases substan-
tially because of the changes in surface characteristics.

To balance the surface energy budget, both the surface
sensible heat flux and ground heat flux increase. Accord-
ingly, the surface temperature increases significantly
over the urban areas.

With the reduced latent heating in the mid and upper
atmosphere over North China where the large-scale urb-
anization occurrs, and the corresponding change in the
temperature gradient in eastern China, a relative descend-
ing motion occurrs and the subtropical jet shifts south-
ward, which produce divergence over North China and
weakening of the East Asian summer monsoon. The di-
vergence over North China contributes substantially to
the warming over rural areas in North China, resulting in
a large surface warming pattern that does coincide with
the urban regions.

To the south of North China, the anomalous conver-
gence caused by the urbanization induces divergence
over North China and the weakened East Asian summer
monsoon is dominant, producing changes in cloud and
radiation. Since the increase in integrated moisture flux
convergence is dominant, precipitation increases signific-
antly over the north of the YRD area and to the south of
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Fig. 11. WRF-simulated June—July urbanization effects on (a) surface temperature (°C) and (b) precipitation (mm day ') with the constant urban
fraction map (0.4). Black dots indicate statistically significant areas at the 90% confidence level according to a #-test. The two anomalous regions

encircled in black indicate urban areas where the urban fraction is 0.4.
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Fig. 12. WRF-simulated June—July urbanization effects on wind at
850 hPa and integrated moisture flux convergence over the whole at-
mospheric column (mm day!) with the constant urban fraction map
(0.4). The two anomalous regions encircled in black indicate urban
areas where the urban fraction is 0.4.

the Yangtze River. Similarly, anomalous convergence to
the north of North China leads to significant increases in

precipitation. The simulated effects of urbanization on
precipitation are generally consistent with previous stud-
ies based on observational data (Seto et al., 2012; Niyogi
et al., 2017, 2020), which suggest that the impact of urb-
anization on precipitation depends on where the urbaniz-
ation has occurred, and rainfall could increase either up-
wind or downwind.

Urban LULC change affects both surface evapotran-
spiration and moisture flux convergence (Xue, 1996,
1997). On the one hand, the reduction in evaporation
over urban areas weakens (strengthens) the convective
available potential energy (convective inhibition) and re-
duces precipitation (Zhang et al., 2009; Georgescu et al.,
2012; Wang et al., 2012, 2015; Feng et al., 2015); while
on the other hand, the urban-induced increase in surface
temperature and roughness can initiate or enhance local
convection, which may lead to an increase in precipita-
tion (Bornstein and Lin, 2000; Rozoff et al., 2003; Shep-
herd, 2005; Zhang et al., 2010; Cheng and Chan, 2012;
Wang et al., 2012; Han et al., 2014). Therefore, the final
urbanization effect on precipitation depends on whether
the positive or the negative effect is dominant (Wang et
al., 2015). Over the coastal areas, such as in the PRD and
YRD, the convergence induced by warm surface temper-
atures could be dominant, offseting the moisture loss due
to less evaporation.

As discussed in the introduction, observational data
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and modeling studies suggest that the effects of urbaniza-
tion show complex features, the nature of which depends
on the location of the urban area, its size/morphology/in-
tensity, the regional climate, characteristics of rainfall
patterns, etc. The urbanization effects in different geo-
graphic locations have to be investigated individually.
The present study sought to address the issues that may
cause the most uncertainty in evaluating the effects of
urbanization. Most RCM studies use the same LBCs for
both their control and sensitivity runs. This study, with
different LBCs for the control and urban sensitivity runs,
has revealed that, to investigate large-scale urbanization
effects more comprehensively, an RCM nested with a
global model may be necessary. Although using differ-
ent/the same LBCs may produce similar patterns over
and around urban areas where the local effect of the land
is dominant, they will produce very different results out-
side the urban areas. That said, within the urban area or
nearby areas (20-50 km away from city), the results
could be similar with different/the same LBCs, albeit the
intensity of the change over and around the urban areas
may also bear some differences.

This study also explored the uncertainty of urbaniza-
tion effects caused by the uncertainty of the urban frac-
tion, which represents the intensity of the urbanization.
The results indicated that the effects of urbanization were
sensitive to the urban fraction. However, the general pat-
tern of the urbanization effects did not change.

In addition to the LBCs and urban fraction, there are
many other sources that may lead to uncertainties in sim-
ulating urbanization effects, such as the LULC map, do-
main size and location, horizontal resolution, model dy-
namics, and physical parameterizations (Xue et al., 2014;
Li et al., 2016). This study was a sensitivity study aimed
at investigating the climatic effect and underlying mech-
anism of large-scale urbanization. For weather forecast-
ing in urban areas, owing to the rapid development of
urbanization, the latest information on urbanization may
need to be included. Since this study focused on the
large-scale features of the effects of urbanization, both
the horizontal and temporal resolution was coarse. Ex-
periments with higher resolutions may be needed in the
future to explore the finer features of urbanization ef-
fects, such as the intensity, frequency, and timing of
changes in rainfall. In this research, a total of 18 input
urban parameters were used in the urban canopy para-
meterization scheme. Realistic urban parameter values
are difficult to obtain and may vary greatly among differ-
ent urban areas. Further measurements and analyses are
needed to assess the uncertainty caused by these factors.
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