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ABSTRACT

Impacts of urbanization and anthropogenic aerosols in China on the East Asian summer monsoon (EASM)
are investigated using version 5.1 of the Community Atmosphere Model (CAMS5.1) by comparing simulations
with and without incorporating urban land cover and/or anthropogenic aerosol emissions. Results show that
the increase of urban land cover causes large surface warming and an urban frictional drag, both leading to a
northeasterly wind anomaly in the lower troposphere over eastern China (EC). This weakens the southerly
winds associated with the EASM and causes a convergence anomaly in southern China (SC) with increased
ascent, latent heating, and cloudiness. The enhanced latent heating reinforces surface convergence and upper-
level divergence over SC, leading to more northward advection in the upper level into northern China (NC)
and descending between 30° and 50°N over East Asia. Cloudiness reduction, adiabatic heating, and warm
advection over NC all enhance the urban heating there, together causing anomalous tropospheric warming at
those latitudes over East Asia. Anthropogenic aerosols cause widespread cooling at the surface and in the
troposphere over EC, which decreases the summer land-ocean thermal contrast, leading to a weakened
EASM circulation with reduced moisture transport to NC. This results in wetter and drier conditions over SC
and NC, respectively. When both the urbanization and anthropogenic aerosols are included in the model,
aerosols’ cooling is partially offset by the urban heating, and their joint effect on the circulation is dominated
by the aerosols’ effect with a reduced magnitude. In the combined experiment, surface and tropospheric
temperatures are also altered by the decrease (increase) in cloudiness over NC (SC) with most of the cooling
confined to SC, which further weakens the EASM circulation.

1. Introduction large-scale urbanization has been reshaping the physical
environment over East Asia by converting croplands
and pasture to urban area, by agglomerating supersized
cities, urban clusters, and districts, and by increasing
pollutants in the atmosphere. Since urban surface alters
the dynamic, thermal, and hydraulic properties of the
natural surface and adds anthropogenic heat to the at-
mosphere, it can affect surface energy and water fluxes
and thus precipitation and local climate. Moreover,
changes in precipitation, together with the direct impacts
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Rapid urban expansion has occurred in China at an
unprecedented scale in the last three decades. The urban
population of China has increased by 1.2% yr~' from
1998 to 2008 (Wang 2010). In 2014, a landmark urbani-
zation plan was unveiled with a goal to have 60% of the
population living in cities by 2020, up from 54% in 2014
(National Bureau of Statistics of China 2014). Such
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patterns (Pielke 2005). On the other hand, increased
anthropogenic aerosols due to urbanization and in-
dustrialization can cool the surface by directly reflecting
solar radiation and indirectly increasing the reflectivity of
clouds (Albrecht 1989). They can change precipitation
even in regions far away from highly polluted areas
(Wang 2013). Therefore, urban land use and anthropo-
genic aerosols can have large impacts on regional climate.

Previous studies suggest that recent changes in land
use could be of equal importance as the increase in
greenhouse gases for many regions (Pielke 2005; Findell
et al. 2007; Lawrence and Chase 2010) and that the
complex range of effects of various human disturbances
on climate need to be studied in order to understand and
assess past and future climate changes (Feddema et al.
2005). Even though land-use change is increasingly
recognized as an important component for human-
induced climate change, the effect of urbanization on
regional climate is still quite uncertain, especially over
East Asia, where large-scale urbanization may cause a
dynamical adjustment of the atmosphere and could ex-
ert important influences on precipitation processes
through thermodynamic feedback during the East Asian
summer monsoon (EASM; Feng et al. 2015; Ma et al.
2016; Chen et al. 2016).

Observational data analyses have shown that recent
large-scale urban expansion in China has contributed to
surface warming (Kalnay and Cai 2003; Zhou et al. 2004;
Xie et al. 2007; Jones et al. 2008; Li and Yan 2009; Dai
et al. 2011). The effect of urban expansion on pre-
cipitation, however, is more complicated. It depends on
the region, season, and spatial scale considered. At the
local scale, by analyzing satellite land-use maps and
station observations, Kaufmann et al. (2007) found that
urban expansion in the Pearl River delta of China may
reduce local precipitation by changing vegetation cover
and water flows in ways that reduce water supplies to the
local atmosphere. In contrast, several observational and
modeling studies indicated that urbanization in other
parts of the world significantly enhances both the in-
tensity of storms over the urban area and the downwind
rainfall by increasing surface roughness convergence
and downwind shifting of urban heat island circulation
(Changnon 1978; Shepherd et al. 2002; Kishtawal et al.
2010). Using ensemble simulations, Wan and Zhong
(2014) investigated the impact of urban clusters in the
lower reaches of the Yangtze River valley (YRV) in
China on a summer precipitation event and found that
precipitation started later but was stronger and that the
precipitation pattern was shifted farther north because
of the urban land use. In these studies, only the local
urban effect near the surface was analyzed. Thus, these
studies could not account for the impact of large-scale
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urbanization on regional climate because the impact is
well beyond near-surface heating by the urban heat is-
land and the downwind rainfall enhancement (Zhang
et al. 2009; Chen and Zhang 2013; Deng and Xu 2015).

Model sensitivity experiments have been widely used
to simulate the effect of urban land use on regional
climate. Several modeling studies have adopted a
simplified urban parameterization approach, in which
modifications were made on land surface parameters,
such as albedo, roughness length, heat, and hydrologic
properties. Using this simplified urban scheme, an ex-
treme urban expansion experiment conducted by Shao
et al. (2013) with a regional climate model (RegCM3)
has shown that intensive urbanization in eastern China
(EC) could enhance southwesterly wind in the early
monsoon season but weaken it during the summer.
Using a general circulation model (LMDZ) with the
simplified urban scheme, Zhou et al. (2015) found that
during the EASM urban land-use expansion could result
in positive (negative) upper-tropospheric geopotential
height anomalies in southern (northern) China and
strengthen the western Pacific subtropical high (WPSH)
with westward expansion. The urban land-use experi-
ments in these studies show reduced precipitation and
significant changes in the atmospheric circulation during
the EASM season over eastern China, especially south
of the YRV.

Other studies have used models that incorporate a
sophisticated physical urban module, such as the Com-
munity Atmosphere Model (CAM) and Weather Re-
search and Forecasting (WRF) Model. As fractions of
urban land cover in coarse model grid cells are often
overwhelmed by other dominant land covers in most
parts of the world, many sensitivity studies have to use
scenarios with elevated fractions of urban cover. Model
results from intensive large-scale urbanization showed
that in the spring the urbanization could weaken
southwesterly winds in the lower troposphere over
southern China (SC), leading to reduced moisture
transport to northern China (NC) and increased air
temperatures both near the surface and in the lower
troposphere in northern China (Deng and Xu 2015).
During the summer, urbanization could not only lead to
significant warming over most of the expanded urban
areas but also strengthen the summer monsoon across
eastern China in early summer and weaken the monsoon
over the southern part of East Asia in late summer
(Chen et al. 2016).

Other model simulations used current realistic urban
land use in China. They showed somewhat different
results from those with idealized urban land use. Using
version 5.1 of the Community Atmosphere Model
(CAMS5.1), Ma et al. (2016) found that current urban land
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expansion weakens the EASM and causes surface
warming (cooling) and precipitation decreases (in-
creases) in northern (southern) China. This north-south
opposite pattern of temperature change differs from the
uniform surface warming over eastern China found by
Chen et al. (2016), despite the fact that both showed a
north-south opposite precipitation change pattern. In
contrast, using the WRF Model, Feng et al. (2015) found
that urban expansion in China slightly strengthens the
EASM because of the enhanced land—sea thermal con-
trast and reduces summer precipitation in most urban
areas in eastern China. Thus, there are still large dis-
crepancies and even contradictions regarding the impacts
of large-scale urbanization in China on summer monsoon
circulation, temperature, and precipitation over East
Asia. In particular, there is still a need to understand the
detailed physical mechanisms responsible for the simu-
lated climate response to urbanization in China.
Accompanying the large-scale urbanization, massive
industrialization since the 1980s has made China a major
source of anthropogenic aerosols as 70% of its energy
comes from coal combustion (U.S. Energy Information
Administration 2012). Since 1980, anthropogenic aero-
sol emissions have increased significantly in Asian
countries, especially in China (Streets et al. 2003). Chi-
nese coal production and sulfur emissions have in-
creased by 2.5 times during 1980-2003, by far the largest
increase in the world (Ohara et al. 2007). The annual
release of SO, in China surpassed 20 Tg (1 Tg = 10'?g)
during 1992-98 (Xu 2001), and it has increased further
since 2000 (Smith et al. 2011). As a result, atmospheric
aerosol optical depth (AOD) has increased steadily over
East Asia since 1980 (Li 2004; Wang et al. 2011).
Many studies have shown that aerosols can affect the
climate in many ways (Lohmann and Feichter 2005;
Rosenfeld et al. 2008; Boucher et al. 2013; Wang 2013).
Aerosols directly reflect and absorb solar radiation in
the atmosphere, thus reducing solar radiation reaching
the surface and altering its vertical distribution in the
atmosphere. They also alter cloud properties and thus
indirectly affect shortwave and longwave radiation by
acting as cloud condensation nuclei and ice nuclei
(Albrecht 1989). More specifically, sulfate aerosols,
produced following SO, emissions, scatter and reflect
sunlight; thus, they directly cool the surface and the
lower troposphere. They can also have an indirect
cooling effect by increasing reflectivity of clouds. On the
other hand, black carbon (BC) aerosols are a strong
absorber of sunlight, thus providing a strong radiative
heating in the atmosphere (Charlson et al. 1992).
Bollasina et al. (2011) investigated the response of the
South Asian summer monsoon (SASM) to natural and
anthropogenic aerosol forcings and found that the
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widespread summertime drying over South Asia during
the second half of the twentieth century could be at-
tributed mainly to anthropogenic aerosol emissions.
There is also some empirical evidence (e.g., Xu 2001)
that links the aerosols’ cooling effect to the abnormal
summer rainfall pattern in eastern China during 1960—
99, suggesting that the increasing levels of sulfate aero-
sols may have significantly affected the summer climate
over eastern China during recent decades. Recently, Wu
et al. (2016) showed that cloud physical properties and
precipitation may be significantly affected by aerosols in
China with aerosols likely suppressing local light and
moderate rainfall but intensifying heavy rainfall in
southeast coastal regions of China. They called attention
to the interaction between aerosols and the EASM as
high moisture levels in the monsoon region could affect
aerosols optical and radiative properties.

It is well known that the EASM circulation has
weakened from the 1960s to 1990s (e.g., Gong and Ho
2002; Yu et al. 2004; Ding et al. 2008; Li et al. 2010; Ding
et al. 2015). One wonders if the large-scale urbanization
and aerosol increases since the 1980s have contributed
to the recent change in EASM. Some studies analyzed
observed temperature changes between land and oceans
that affects monsoon activity (Miyakoda et al. 2003;
Yang and Lau 2006; Ding et al. 2009), while other
studies examined model simulations and reanalysis data
(Li et al. 2010; Dai et al. 2013). Based on atmospheric
model experiments, Li et al. (2010) showed that tropical
surface warming from the late 1970s to 2000, especially
in the tropical central and eastern Pacific, reduces the
summer land-sea thermal contrast over the Asian
monsoon region and contributes to the observed weak-
ening in EASM circulation. On the other hand, the di-
rect effect of greenhouse gases (GHGs) was found to
increase the near-surface land-sea thermal contrast and
thus favors a slightly enhanced rather than weakened
EASM circulation (Li et al. 2010; Song et al. 2014).
Moreover, the strength of Asian summer monsoons
(including the EASM) was argued to be more closely
coupled with the land—sea thermal contrast in the upper
troposphere rather than in the lower troposphere or
near the surface (Sun et al. 2010; Dai et al. 2013).

Recently, Jiang et al. (2013) studied the effects of
different types of aerosols on clouds and precipitation
during EASM, using CAMS with a coarse resolution
(1.9° 1atitude X 2.5° longitude). Jiang et al. (2013) found
that anthropogenic sulfates and primary organic matter
(POM) contribute the most among all anthropogenic
aerosols to the cooling near the surface and in the
free troposphere over land in northern China, where
large values of AOD were located. This cooling sup-
pressed precipitation in northern China but enhanced
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precipitation in southern China and adjacent oceans. In
comparison, anthropogenic BC aerosol-induced pre-
cipitation changes are statistically insignificant. Jiang
et al. (2013) also noted that the simulated cooling is
larger in northern China than in southern China, which
seems to be inconsistent with the observations that
show a large cooling in the YRV and southern China
and a moderate warming in northern China (Xu et al.
2006). Although the observations include many other
effects, the difference in the modeled and observed
cooling regions cannot simply be explained by the ex-
clusion of the increased GHGs in their simulations. This
is because aerosols’ negative radiative forcing is stronger
than GHGs’ positive forcing during the summer over
China (Xu 2001). To examine the contributions of dif-
ferent forcings to the weakening of the EASM circula-
tion, Song et al. (2014) analyzed results from phase 5 of
the Coupled Model Intercomparison Project (CMIPS5)
models and showed that the weakening of the EASM
circulation was only partly captured in the multimodel
ensemble mean under natural (solar and volcanic) and
anthropogenic (GHGs and aerosols) forcings, but the
ensemble failed to simulate the ‘“‘southern flood and
northern drought pattern,” as found in other modeling
studies (e.g., Li et al. 2010). The cooling effect of aero-
sols and the weakening of the EASM circulation were
seen among most modeling studies; however, there are
discrepancies in response of temperature and pre-
cipitation, and physical mechanisms that produced these
responses were not fully understood. Therefore, further
investigations are needed to understand the effect of
anthropogenic aerosols on the EASM circulation and on
temperature and precipitation over East Asia.

As discussed above, model simulations with idealized
(e.g., Deng and Xu 2015; Chen et al. 2016) and realistic
(e.g., Ma et al. 2016) urbanizations over China have
been conducted to study possible responses of East
Asian climate. Other numerical studies have also been
carried out to investigate aerosols’ effects on East Asian
climate (e.g., Jiang et al. 2013; Song et al. 2014). How-
ever, few studies have compared the individual effects of
the urban land use and anthropogenic aerosols and ex-
amined their combined effects on East Asian climate.
The purpose of this study is to investigate the impacts of
recent urban land use and anthropogenic aerosols in
China, separately and jointly, on large-scale EASM
circulation and regional climate, with a focus on un-
derstanding the feedback mechanisms that induce and
maintain the large-scale changes. In comparison with
previous studies, more detailed physical mechanisms for
the simulated climate responses to urban land cover and
aerosols are examined in the study. The paper is orga-
nized as follows. In section 2, the model and numerical
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experiments are described. The main results and the
physical mechanisms are presented in sections 3 and 4,
respectively. A summary and conclusions are presented
in section 5.

2. Model and experiments
a. Model description

In this study, model simulations were conducted using
CAMS.1, the atmospheric component of the Commu-
nity Earth System Model, version 1 (CESMI; Neale
et al. 2012). CAMS.1 has been improved considerably in
almost all physical parameterizations in comparison
with its previous version (Neale et al. 2012). It has shown
significant improvements in precipitation simulations by
implementing a physically based two-moment micro-
physics parameterization scheme for convective clouds
that enables their interaction with large-scale clouds and
aerosols (Song et al. 2012). In addition to simulating the
direct radiative effects of aerosols, the physical param-
eterization enhancements make it possible to simulate
full aerosol-cloud interactions, which include cloud
droplet activation by aerosols, precipitation processes
due to particle-size-dependent behavior, and the explicit
radiative effect of cloud particles.

A modal aerosol module (MAM) has been developed
for CAMS.1 (Liu et al. 2012). It enables the approximate
simulation of the aerosol size distribution, internal and
external mixing between aerosol components, numer-
ous aerosol processes, and aerosol physical, chemical,
and optical properties in a physically based manner. For
the purpose of this study, the three-mode MAM
(MAM23) option, which includes Aitken, accumulation,
and coarse modes, was chosen to simulate the properties
and processes of major aerosol species in the atmo-
sphere, such as sulfate and BC aerosols, primary organic
matter, secondary organic aerosols, mineral dust, and
sea salt (Liu et al. 2012). The size distribution of each
mode was assumed to be lognormal. Aerosol particles
that were suspended in the air and attached to (or con-
tained within) different hydrometeors, such as cloud
droplets, were explicitly predicted. The CAMS.1 model
used here employed the finite-volume and semi-
Lagrangian scheme and had 30 layers in an eta vertical
coordinate with the model top at 3.6hPa. The model
integrated explicitly with a 30-min time step.

CAMS. 1 is coupled with the Community Land Model,
version 4.0 (CLM4.0; Oleson et al. 2010a). Model grid
cells for the land surface are composed of multiple land
units to capture the spatial heterogeneity of the land
surface. Urban land use is one of those land units rep-
resented. An urban canyon model [Community Land
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TABLE 1. Modeling experiments: present-day land-use data
collected in the early 2000s and aerosol emission data published in
2000 for the three preindustrial scenarios, changes are made only in
the domain of 20°-50°N, 100°-125°E (Fig. 1) for NoU, NoA,
and NoUA.

Experiment Urban land cover Aerosol emissions
CTL Yes Yes
NoU No Yes
NoA Yes No
NoUA No No

Model Urban (CLMU)] is integrated into CLM4.0 to
contrast urban and rural energy budget and climate
(Oleson etal.2010b). CLMU is a physically based model
designed to represent physical processes over an urban
area known to influence regional climate. The parame-
terization scheme for roof, wall (shaded and unshaded),
and ground (permeable and impermeable) enables a
realistic simulation of land-atmosphere exchanges in
momentum, heat, and water vapor over an urban region
(Oleson et al. 2008). For instance, the arrangement of
large roughness elements such as buildings and trees
increases the frictional drag of the surface on atmo-
spheric winds and thus reduces the mean wind speed and
turbulent mixing within the urban canopy compared to
more open rural areas (Oke 1987). The anthropogenic
source of heat such as waste heat from building heating
and cooling is also included explicitly in the urban en-
ergy budget. In CLMU, urban columns interact with one
another through multiple exchanges of shortwave and
longwave radiation. The heat and moisture fluxes from
each surface influence each other through a bulk airmass
approach in which temperature and specific humidity
are predicted.

For CLM4.0, present-day land-cover type and distri-
bution data were developed based on a variety of sat-
ellite products in the early 2000s (Oleson et al. 2010a).
Present-day urban extent and properties were de-
veloped by Jackson et al. (2010) based on LandScan
2004, and a global population density dataset was de-
rived from census data, nighttime light satellite obser-
vations, road proximity, and slope in 2004. Thus, the
present-day land and urban data used here are for the
year 2004. It is worth mentioning that anthropogenic
heating associated with urban land use is included in the
energy budget calculation in CLMU; therefore, the ef-
fect of urban land use in this paper has the effect of
anthropogenic heating.

In CAMS.1, natural and anthropogenic emission rates
for aerosols and precursor gases are controlled by the
input data separately, and the spatial distribution and
radiative forcing of the aerosols are explicitly modeled
inside CAMS.1. Emissions of anthropogenic aerosols
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and precursor gases, including SO,, POM, and BC for
present-day and preindustrial times, were based on an
inventory dataset for the years 2000 and 1850, re-
spectively, which were produced by Lamarque et al.
(2010) in support of the climate modeling research for
the Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (ARS).

b. Experiment design

Here we investigate the impacts of both urban land-
use change and anthropogenic aerosols on the EASM by
using a finer-resolution (0.9° latitude X 1.25° longitude)
CAMS.1. We used observed monthly SSTs and sea ice
concentration (Hurrell et al. 2008) for the ocean
boundary condition in the model simulations. All of our
experiments were performed over a 20-yr period from
January 1988 to December 2007 with CO; level fixed at
367 ppm. Land use and anthropogenic aerosol emissions
were specified at the preindustrial and present-day
levels in two contrasting experiments. Results of the
last 15 yr (1993-2007) were analyzed for June, July, and
August (JJA).

Because atmospheric and surface heating dominates
the land-sea thermal contrast for the EASM, and at-
mospheric and near-surface responses to changes in the
urban land use and anthropogenic aerosols are much
faster than oceanic processes, it is reasonable to force
CAMS.1 with prescribed SSTs (instead of coupling it to
an ocean GCM). This limits the response and feedback
from the oceans in our experiments. Since we used the
same SST forcing in our experiments, the impact of the
SST changes from 1993 to 2007 is largely removed by
looking at the differences between the two experiments,
although it is possible to examine SST’s impact by ex-
amining the year-to-year variations (but this is not done
here). Here we focus on the impacts of changing urban
land cover and anthropogenic aerosols, separately and
jointly, on the EASM.

Table 1 summarizes the four experiments performed
in this study. The control experiment (CTL) simulates
the present-day (for year 2004) climate, with present-
day global land-use distribution and emission rates of
both natural and anthropogenic aerosols as input data.
The NoU experiment is the same as CTL except there is
no urban land cover over eastern China. The urban land
type of CTL in each grid cell was replaced in the NoU
experiment by the dominant land-use category (ex-
cluding urban land cover) in that grid cell over eastern
China only (i.e., this change was made only inside the
outlined box shown in Fig. 1); other land-cover types
over eastern China and the urban land cover outside east-
ern China were kept at the present-day condition (i.e., the
same as in CTL). The primary vegetation types used to
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FIG. 1. (a) Distribution of urban land-cover fraction (% of CAMS.1 gridcell area) and (b) anthropogenic SO,
emissions (10° molecules cm ™ 2s™ 1) used in the control experiment (CTL). The present-day land-use data were
collected in the early 2000s and aerosol emission data are for year 2000. The SO, emission patterns are repre-
sentative of anthropogenic emissions for all the other aerosols and precursor gases. The values in the framed region
(20°-50°N, 100°~125°E) are set to zero in the experiments for NoU, NoA, and NoUA, respectively, with values

outside the outlined box being the same as in CTL.

replace the urban area are mostly pasture grass, crops, or
forest. The difference between CTL and NoU (CTL —
NoU) represents the effect of urban land use over east-
ern China on Asian climate. The NoA experiment is the
same as CTL except there is no anthropogenic aerosol
emissions from eastern China. Aerosol emissions over
eastern China were set to their preindustrial levels for
year 1850 when only natural emissions existed (but
aerosol emissions outside eastern China were set to the
present-day levels). The difference between CTL and
NoA (CTL — NoA) represents the effect of anthropo-
genic aerosols from eastern China. In the NoUA ex-
periment, both the urban land use and anthropogenic
aerosol emissions were absent over eastern China (but
were at the present-day values for other regions), and its
difference from CTL (CTL — NoUA) reflects the com-
bined effects of urban land use and anthropogenic
aerosol emissions in eastern China. We emphasize that
our experiments were designed to simulate the mean
impacts of the present-day urbanization and aerosols on
Asian climate relative to preindustrial conditions. Our
results are relevant to recent climate changes over China
as these impacts likely contributed to the recent climate
changes together with other climate forcings (e.g.,
GHGs) and natural climate variability [e.g., the inter-
decadal Pacific oscillation (IPO); Dong and Dai 2015].
The present-day urban land use and anthropogenic
aerosol emissions used in CTL are illustrated in Fig. 1, in
which the SO, emission patterns are representative of all
other anthropogenic aerosols and precursor gases.
Figure 1 shows that both fractional coverage of urban
land use and emissions of anthropogenic aerosols have
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become considerable in eastern China. The region with
the largest urban fractional coverage (>5% of the
CAMS.1 grid cell) is mostly in northern China and the
YRYV, where high aerosol emission rates are also seen.
Thus, in the three sensitivity experiments, changes in
urban land use (referred to as ‘““‘urban’’) and anthropo-
genic aerosol and precursor gas emissions (referred to as
‘““aerosol”) were made over eastern China within the
region of 20°-50°N, 100°-125°E (Fig. 1), while no
changes were made outside this region in order to isolate
the impacts from this region alone.

3. Experiment results
a. Evaluation of simulations

Many studies have evaluated the performance of
CAMS (e.g., Liu et al. 2012). Here we present a general
comparison of the spatial variations between model
output from CTL and observations (or reanalysis) at
both global and regional scales for JJA during 1993-
2007 (Table 2). The observational data for 2-m air
temperature were obtained from the Climatic Research
Unit (CRU; Harris et al. 2014), and the precipitation
data were from the Global Precipitation Climatology
Project, version 2 (GPCP; Adler et al. 2003; Huffman
et al. 2009). The reanalysis data for geopotential height
and horizontal winds at 850 and 200hPa were from
ERA-Interim (Dee et al. 2011). Because the values of
these time-varying fields may not be independent among
some nearby grid points, a measure to calculate the ef-
fective number of spatial degrees of freedom (ESDOF)
is utilized for these fields, following Bretherton et al.
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=i gl 52 though the biases are large, especially in precipitation
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FIG. 2. The 1993-2007 mean JJA (a),(b) surface air temperature (°C); (c),(d) total pre-
cipitation (mm day'); and geopotential height (m; color) and winds (ms™; vectors) at (e),(f)
850 and (g),(h) 200 hPa over Asia. (a),(c),(e),(g) The CTL experiment and (b),(d),(f),(h)
differences between the CTL experiment and the observations/ERA-Interim.

Hence, the difference between CTL and sensitivity
simulations (e.g., CTL — NoU) should be effectively
controlled for biases.

To investigate the effects of the urban and/or aerosol
changes on regional climate, examination is first
focused on surface temperature, precipitation, and
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variables that are most directly associated with them—
namely, AOD, total cloudiness, and surface net short-
wave radiation (referred to as shortwave radiation) for
clear sky and all sky. To facilitate the analysis, the main
regions influenced by the EASM are delineated geo-
graphically as EC (20°-45°N, 105°-122°E), which
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FIG. 3. Changes of the summer (left) surface air temperature (°C) and (right) precipitation (mm day ") for (a),(b)

CTL — NoU; (c),(d) CTL — NoA; and (e),(f) CTL —

NoUA. The dotted areas are statistically significant at

the 10% level. The black outlines indicate the three regions chosen for study: EC (20°-45°N, 105°-122°E), NC
(32.5°-45°N, 105°-122°E), and SC (20°-32.5°N, 105°-~122°E) in Table 3.

includes SC (20°-32.5°N, 105°-122°E) where the mid-
to lower YRV (28°-31.5°N, 113°-122°E) is enclosed,
and NC (32.5°-45°N, 105°-122°E), which covers north-
ern China, the Huai River basin, the mid-to-lower Yel-
low River basin (YRB), and the Shandong Peninsula.
The outlines of the NC and SC regions are illustrated in
Fig. 3. To facilitate the comparison of the impacts of the
urban and/or aerosol changes over these regions,
changes in EASM-relevant quantities averaged over
each of the regions are summarized in Table 3, which
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serves as a guidance and reference in the following
discussions.

b. Surface temperature and precipitation changes

The surface air temperature and precipitation changes
induced by the urban and/or aerosol changes are shown
in Fig. 3. The urban land use results in significant surface
warming of 0.6°-1.0°C over NC where fractional urban
land cover is relatively high (Fig. 3a). Significant
warming also occurs in regions to the northwest and
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TABLE 3. Changes in the EASM-relevant quantities that are influenced by urban land use and anthropogenic aerosols. The quantities
include (a) surface air temperature at 2m (T2m); (bl) precipitation (Precip); (b2) convective precipitation (Precip_conv); (b3) non-
convective precipitation (Precip_non-conv); (cl) surface net radiation (Rnet); (c2) sensible (SH) and (c3) latent heat (LH) fluxes;
(d) AOD; the amount of (el) total, (e2) high, and (e3) low cloud; net shortwave radiation at top of the atmosphere (TOA) for (f1) clear sky
(Snet_clear_TOA) and (f2) all sky (Snet_total TOA); net shortwave radiation at surface for (f3) clear sky (Snet_clear_surf) and (f4) all
sky (Snet_total_surf); (g) sea level pressure (SLP); (h1) geopotential height at 500 hPa (Z_500 hPa); (h2) vertical velocity at 500 hPa;
(i) 200-hPa zonal wind (U_200 hPa); (j) atmospheric stability at 900 hPa; and (k) CAPE. Their differences between the experiments were
averaged over EC (20°—-45°N, 105°-122°E), NC (32.5°-45°N, 105°~122°E), and SC (20°-32.5°N, 105°-~122°E). The numbers in boldface are

statistically significant at the 10% level.

CT L— NoU CTL — NoA CTL — NoUA
EC NC SC EC NC SC EC NC SC

(a) T2m (°C) 0.33 0.60 0.05 -0.51 —0.41 —0.63 —0.36 —0.33 -0.39
(b1) Precip (mm day ) 0.09 —-028 0.49 0.14 -0.34 0.67 —0.02 -0.25 0.22
(b2) Precip_conv (mm day ') 0.07 -0.16 0.32 0.03 -0.26 035 —-0.01 -0.22 0.21
(b3) Precip_non-conv (mm day ') 002 -0.12 0.16 0.11 -0.08 0.33  —0.01 -0.03 0.01
(c1) Rnet (Wm™?) 1.07 6.09 —435 -1591 -11.34 -20.83 -14.15 -11.16 -17.37
(c2) SH (Wm™?) 1.32 2.53 0.02 —4.23 -215 —648 -394 -2.60 —5.39
(c3) LH (Wm™?) -1.03 -018 -193 -535 -556 -512 -531 —488 —5.78
(d) AOD -0.01 -0.01 -0.01 0.09 0.10 0.07 0.09 0.10 0.07
(e1) Total cloud (%) —0.43 -1.79 1.05 0.99 —0.55 2.64 1.44 —0.10 3.10
(e2) High cloud (%) =051 —1.90 0.99 0.54 -1.26 248 1.12 —-0.70 3.08
(e3) Low cloud (%) -0.19 —1.30 1.01 1.40 0.62 222 0.78 0.26 1.31
(f1) Snet_clear TOA (Wm™?) -0.14 001 —-030 —159 -1.79 -138 -1.86 -1.87 -1.86
(f2) Snet_total_ TOA (Wm ™ ?) —0.54 3.44 —4.83 -9.54 —-4.30 -15.18 —-8.42 -4.49 -12.65
(f3) Snet_clear_surf (Wm ™ ?) -0.15 0.10 —043 -742 -842 -634 -7.83 -8.60 —7.01
(4) Snet_total_surf (W m™?) —048 391 -521 -1512 -1040 -2021 -1393 —10.57 -17.56
(g) SLP (Pa) -20.03 -17.92 -2232 4281 53.37 31.44 6.76 10.60 2.62
(h1) Z_500 hPa (m) -5.29 0.11 -8.92 —-1.27 —2.89 0.47 -1.89 0.01 -3.49
(h2) 500 hPa vertical velocity (10 *Pas™)  —0.02 300 -327 -144 357 —6.83 —0.25 181 247
(i) U_200hPa (ms ") —062 —181 066 029  —1.05 173 037 010 0.7
(j) 900 hPa stability (10 Km ™) 0.84 323 -228 140 342 122 1.15 2.88 —2.08
(k) CAPE (Jkg ") 23 -72 132 —40  —190 83 -9 —188 178

north of the urban area, especially in regions north of
40°N. In contrast, the increase in aerosols causes sig-
nificant cooling from —0.6° to —1.0°C in central China
and SC and some warming in the region to the northeast
of China near 50°N (Fig. 3c). When combined (Fig. 3e),
the aerosol cooling dominates, still resulting in signifi-
cant cooling up to —0.4°C in SC while the cooling in
central China and NC is largely offset by the urban-
induced warming. The significant cooling pattern in SC
simulated with the combined urban and aerosol effect
agrees well with the observed cooling pattern of
0.2°C decade 'during 1969-2000 that is concentrated
around the YRV (Xu et al. 2006).

Changes in precipitation show a common southern
flood and northern drought pattern owing to the in-
creases in urban land use and/or aerosols (Figs. 3b,d,f).
The urbanization results in a precipitation reduction
between 28° and 41°N in a band oriented northeast to
southwest but a precipitation increase in southeastern
China (Fig. 3b). In comparison, the aerosol-induced
precipitation reduction occurs farther north, along the
YRB and covering northern and northeastern China,
while significant precipitation increases are seen farther
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south, along the coast of southeastern China (Fig. 3d). The
combined urban and aerosol effect shows that precipitation
reduction occurs in parts of northern and southwestern
China up to 12mmday ' (Fig. 3f). In contrast, pre-
cipitation increases of about 0.8mmday ' are seen over
southern China and the South China Sea (Fig. 3f).

c¢. AOD, cloud, and radiation changes

Changes of summer-mean AOD and total cloud-cover
fraction during 1993-2007 between the control experi-
ment and the sensitivity experiments are shown in Fig. 4.
Urbanization causes little change in AOD over EC
(Fig. 4a), but a large decrease of ~1.8% in total cloud
cover over NC and an area north of China (northeastern
China not included) [Fig. 4b and Table 3, row (el)]. In
contrast, urbanization induces a large increase of ~1.1%
in total cloud cover over a zone south of the YRV, with
the largest increases around the southeast coast and the
South China Sea (Fig. 4b). The increases over SC and the
decreases over NC and Mongolia in cloud cover (Fig. 4b)
suggest a circulation change induced by the urban effect.
This is elucidated in section 4. Corresponding to the
pattern of cloudiness changes, shortwave radiation for
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FIG. 4. Changes of the summer (left) AOD and (right) total cloud-cover fraction for (a),(b) CTL — NoU;
(c),(d) CTL — 2NoA; and (e),(f) CTL — NoUA. The dotted areas are statistically significant at the 10% level.

all sky shows a significant increase in NC by about
3.9Wm ?[Table 3, row (f4)] but a decrease in SC by 5—
15Wm™2 while shortwave radiation for clear sky
shows a nonsignificant increase in NC.

The aerosol increase causes a significant increase
in AOD by ~0.09 in EC, particularly in NC with an
increase of ~0.10 [Table 3, row (d), and Fig. 4c]. The
AOD increase leads to a significant reduction of
about —7.4 W m™? in shortwave radiation for clear sky
over all of East Asia, especially over NC by
about —8.4Wm ™ ? [Fig. 5S¢ and Table 3, row (£3)]. The
increase in aerosols causes a significant increase of total
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cloud cover of about 2.6% in SC but a slight reduction in
NC and eastern Mongolia (Fig. 4d). The opposite changes
in cloud cover between SC and NC owing to the aerosol
effect imply a possible change in atmospheric circulation,
which is discussed in section 4. Combining the aerosols’
direct effect on radiation and indirect effect on clouds,
shortwave radiation for all sky shows a significant re-
duction in EC by —151Wm 2 particularly in SC
by —20.2W m ™2 [Fig. 5d and Table 3, row (£3)].

When both the urbanization and aerosol increases are
included, the effects are not a linear combination of
their individual effects. While changes in the AOD and
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the 10% level.

clear-sky shortwave radiation in the combined forcings
are nearly the same as those in the aerosol-only case (Figs.
4c,e and Sc,e), changes in clouds and all-sky shortwave
radiation are different from the aerosol-only case
(Figs. 4b,d,f and 5d,f). The reductions in high and total
clouds over NC in the CTL — NoUA case are smaller
than both the CTL — NoU and CTL — NoA cases [Table
3, rows (el) and (e2)], with areas of total cloud reduction
shifted northward along the Yellow River region
(Fig. 4f). In the meantime, the cloudiness increase over
SCis also shifted northward closer to the YRV, implying
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nonlinearity in the effects of the combined urban and
aerosol forcings. As a result, all-sky shortwave radiation
shows significant reductions of —10.6 and —17.6 Wm >
over NC and SC, respectively (Fig. 5f), and they are
dominated by aerosols’ direct radiative effect over NC
but by increased cloudiness over SC. These changes in
cloudiness and all-sky shortwave radiation for CTL —
NoUA are broadly like those for the CTL — NoA case,
with larger decreases in all-sky shortwave radiation over
SC than over NC. This contributes to the strong cooling
centered in SC (Fig. 3e). Thus, the effect of the aerosol
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forcing (large surface cooling) dominates over that of the
urban forcing (moderate surface warming) in the
combined case.

4. Physical mechanisms and discussion

The above analysis of the effects of the urban and
aerosol forcings on surface temperature and energy
budgets suggests a need to better understand the ther-
mal and dynamic processes responsible for the regional
climate change, particularly for the opposite cloud-
cover changes between NC and SC.

a. Impact of urban land-use changes

The results of the CTL show that air over East Asia is
warmer than that over the surrounding oceans in sum-
mer, with the warmest over about 30°N in EC and de-
creasing temperature northward and southward of 30°N
(Fig. 2). The southerly component of the monsoon winds
that carries abundant water vapor prevails in the mid-to-
lower troposphere over EC, and it weakens as the wind
travels northward but extends all the way to about 45°N.
Vertical-meridional profiles of summer circulation,
relative humidity, and specific humidity in CTL (Fig. 6a)
indicate that moist deep convection is dominant over the
EASM area, causing strong ascent south of 40°N. The
ascent over the region is accompanied by high specific
humidity up to 16 gkg ' in the lower troposphere. Un-
der these background climatological conditions, the
causes of the changes in atmospheric thermal properties
and circulation characteristics are investigated below.

Urban land use, including anthropogenic heat, causes
heating in the surface boundary layer, which results in
elevating isobaric surfaces and wind divergence anom-
alies above the lower troposphere over urban areas.
These thermodynamic processes are confirmed by the
result of Chen et al. (2016), which demonstrated that
large-scale urbanization over East Asia can cause in-
creased geopotential height throughout the troposphere
above 850hPa over East Asia in June as the direct at-
mospheric response to the surface thermal forcing in-
duced by the urbanization. In addition, urban surfaces
reduce wind speed because of increased frictional drag
(Changnon et al. 1981; Oke 1987; Thielen et al. 2000;
Shao et al. 2013). Combining the wind speed reduction
(due to its dynamic effect; Fig. 6b) with the increased
divergence above 850 hPa in urban agglomeration areas
between 30° and 40°N (due to the urban thermal effect;
Fig. 6¢), a convergence anomaly is initiated in SC, fa-
voring ascending and more cloud cover. Latent heating
from the increased ascent heats up the mid-to-upper
troposphere over SC, which in turn reinforces surface
convergence over SC (Fig. 6¢). These thermodynamic
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processes are also confirmed by results of Hoskins
(1991) and Liu et al. (2004), which suggest that diabatic
heating induces lower-layer cyclonic circulation and
upper-layer anticyclonic circulation. Therefore, an en-
hanced ascent and increased cloud cover occur near
20°N, which causes an anomalous divergence at the
upper troposphere over SC and northward advection
and descent between 30° and S50°N (Fig. 6c). The
anomalous descent around 30°N reduces the mean up-
ward motion associated with deep convection shown in
the climatology (Fig. 6a). The cooling anomaly over
30°N is the result of reduced latent heating due to the
suppressed convection and the reduced longwave radi-
ative heating because decreases in water vapor allow
more longwave radiation to escape to space. These two
cooling processes over 30°N are partially offset by the
adiabatic warming from descending anomalies.

To further investigate the effect of urban land use on
the atmosphere, the CTL — NoU differences of the
vertical-meridional profiles of temperature, relative
humidity, and specific humidity averaged over 105°—
122°E are examined (Fig. 6d). Significant increases in
temperature (due to urban heat island effect plus other
effects discussed below) and decreases in near-surface
specific humidity [due to impervious urban surfaces and
thus reduced evaporation; Table 3, row (c3)] in the ur-
ban areas between 30° and 40°N cause a reduction in
near-surface relative humidity in this region that also
extends throughout the troposphere (Fig. 6d). The re-
duced surface moisture shown in the urban agglomera-
tion areas is consistent with the results of Feng et al.
(2015). To examine whether the increased surface
heating and reduced evaporation in urban areas affect
the stability and the large-scale circulation, changes in
summer equivalent potential temperature gradient 96,
/9z at 900 hPa and convective available potential energy
(CAPE) for CTL — NoU are shown in Table 3, rows (j)
and (k). It is found that 96,/9z increases and CAPE
decreases over the agglomerate urban region (30°-40°N)
and NC [Table 3, rows (j) and (k)]. Thus, the atmosphere
becomes more stable, which suppresses atmospheric
deep convection in this region (30°-40°N). In contrast,
decreases of 90,./dz and increases of CAPE occur over
SC [Table 3, rows (j) and (k)], which corresponds to
enhanced moisture convergence in the lower tropo-
sphere south of 30°N (Fig. 6¢). Thus, the increased in-
stability and enhanced moisture convergence favor
cloud formation and convection over SC and a cyclonic
anomaly around 15°-25°N in the lower troposphere
(Fig. 6b).

To diagnose the adiabatic heating or cooling,
o(RT/c,p — dT/9p) (where T'is the temperature, w is the
vertical pressure velocity, ¢, is the specific heat at constant
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pressure, p is the pressure, and R is the gas constant) was
calculated following Holton (1992). Accompanying the
anomalous descent north of about 35°N, positive adiabatic
heating up to 0.9K day ' occurs in the troposphere (fig-
ures not shown), which contributes to the anomalous
warming throughout the whole troposphere at those lati-
tudes (Fig. 6d). The anomalous heating elevates isobaric
surfaces in the troposphere, which leads to an anticy-
clonic anomaly over central Mongolia (Fig. 6¢). To the
west and northwest of the anticyclonic anomaly, the
anomalous southerly flow also increases the warm ad-
vection to the north of 50°N in the troposphere, con-
tributing to the warming throughout the troposphere
over a large region north and west of the urban region
and over NC (Figs. 3a and 6d). Because of the heating
anomaly north of 30°N, meridional temperature gra-
dients between 25° and 45°N decrease greatly in the
troposphere, which causes easterly wind anomalies that
weaken the westerly winds at these latitudes over EC
(Fig. 6f). The easterly wind anomaly in the upper tro-
posphere, accompanied by the anomalous descending
flows around 40°N and the warm advection to the west
and northwest of the descent, reinforces the formation
of the anticyclonic anomaly at 200 hPa centered over
Mongolia (Fig. 6¢).

The strong anticyclonic anomaly suppresses cloud
formation over north and northeastern China, leading
to a reduction in low, high, and total cloud amounts over
these regions [Table 3, rows (el)-(e3), and Fig. 4b].
Over NC, the decreases in cloudiness significantly in-
crease surface net radiation and sensible heat flux by 6.1
and 2.5Wm 2, respectively, which contributes to the
enhanced surface warming over NC in addition to the
direct warming resulting from the urban heat island, an-
thropogenic heat, and reduced surface evaporation
[Table 3, rows (c2) and (f4), and Fig. 3a]. In regions far-
ther north and west of the urban areas, increases in
shortwave radiation due to reduced cloudiness also con-
tribute to the temperature increase in addition to the
warm advection. Further, longwave radiation loss to
space is increased in these regions due to the reduced
water vapor content, but its cooling effect is relatively
small in comparison with the diabatic heating from the
increased shortwave radiation, the adiabatic heating due
to the increased descending, and the horizontal warm air
advection (figures not shown). These thermal and dy-
namic processes initiated by urban land use lead to a
significant anticyclonic anomaly (Figs. 6c,e), which in
turn maintains feedbacks to these heating processes.

To the south of the anomalous anticyclone centered
over Mongolia, a northeasterly anomaly occurs over
north and northeastern China throughout the tropo-
sphere, and it further enhances convergence and
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cyclonic anomaly in the lower troposphere along the
coast of SC (centered at 23°N, 115°E). Therefore, over
EC, the northeasterly wind anomaly, which is caused
concurrently by the anticyclonic anomaly north of 40°N
and the cyclonic anomaly south of 30°N, weakens the
southwesterly monsoon flow. These results are consis-
tent with the responses of the late summer monsoon
circulation due to urban land use simulated by Chen
et al. (2016), who showed a high-level anticyclonic
anomaly over NC and a low-level cyclonic anomaly over
the South China Sea.

b. Impact of anthropogenic aerosols

Changes in cloud cover shown in Fig. 4d and Table 3,
rows (el) and (e3), suggest circulation changes induced
by anthropogenic aerosols. Vertical-meridional pro-
files of summer temperature and circulation averaged
over 105°-122°E and horizontal winds at the lower and
upper troposphere for CTL — NoA are examined in
detail to understand the thermodynamic processes
involved (Fig. 7). Aerosols cause strong cooling be-
tween 25° and 40°N in the whole troposphere, with two
notable cooling centers. One is at the surface and lower
troposphere between 25° and 35°N, and the other one is
at 300 hPa above 35°N. The reduction in air temperature
between 25° and 35°N in the lower troposphere exceeds
0.6°C. The scattering of solar radiation by sulfate aero-
sols reduces surface solar radiation (Fig. 5c) and thus
cools the surface and the lower troposphere, as sug-
gested by Jiang et al. (2013). The regionally averaged
reductions of shortwave radiation for clear sky and all
sky over EC are —7.4 and —15.1 Wm ™2, respectively
[Table 3, rows (f3) and (f4)]. The aerosol-induced
cooling over East Asia (Fig. 3c) reduces the sum-
mer land-sea thermal contrast and increases the
pressure in the lower troposphere as well as at the sea
level over EC [Table 3, row (g)]. This decreases the
horizontal pressure gradient force between land and
ocean, which weakens southwesterly monsoon winds.

The large tropospheric cooling between 25° and 40°N
increases the meridional temperature gradient south of
30°N, which causes westerly wind anomalies between
20° and 30°N in the mid-to-upper troposphere (Fig. 7b).
This enhances the subtropical westerly jet stream and
increases baroclinic instability over SC. In contrast, the
cooling anomalies reduce the meridional temperature
gradient between 35° and 50°N, which causes easterly
wind anomalies at these latitudes in the mid-to-upper
troposphere, weakens the westerly jet stream, and re-
duces baroclinic instability over NC.

On the other hand, surface and tropospheric cooling
between 25° and 40°N leads to the depressed isobaric
surfaces in the mid-to-upper troposphere, which favors
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the formation of the cyclonic anomaly, as is shown most
clearly at 200hPa (Fig. 7d). The anomalous southeast-
erly flow to the northeast of the cyclonic anomaly in-
creases the warm advection between 40° and 50°N,
which partially offsets aerosol-induced cooling over NC
and even causes anomalous warming over northeastern
China around 50°N (Figs. 3¢ and 7a). The anomalous
warming elevates isobaric surfaces in the troposphere,
which leads to an anticyclonic anomaly in the upper
troposphere over northeastern China (Fig. 7d).

The reduced southwesterly monsoon winds north of
25°N favor moisture convergence and significant ascent
around 20°N (Fig. 7a), thus leading to increases in cloud
cover and latent heating in the mid-to-upper troposphere.
The latent heating in turn enhances surface convergence
and ascent through the thermodynamic feedback. Thus,
a cyclonic anomaly occurs along the coast of southern
China (20°N, 115°E; Fig. 7c). The enhanced baroclinicity
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and convergence both produce a favorable condition for
deep convection and precipitation over SC (Fig. 3d).
Therefore, anthropogenic aerosols reduce shortwave ra-
diation not only by direct scattering but also through the
weakened monsoon flow to enhance convergence and
cloud cover over SC, especially low clouds. Both of these
effects significantly reduce all-sky shortwave radiation
over SC [Fig. 5d and Table 3, row (f4)]. At the same time,
the northward moisture transport to northern and
northeastern China is reduced because of the weakened
southwesterly monsoon flow north of 25°N and the en-
hanced moisture convergence over the coast of SC. Thus,
over NC, reduced moisture convergence and baroclinic
instability decrease cloud cover, which partially offsets
shortwave radiation reduction by the aerosols’ direct
cooling effect [Fig. 5d and Table 3, row (f4)] and lessens
the reduction in all-sky shortwave radiation. Combining
the aerosols’ direct cooling effect, centered in NC
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(Figs. 4c and 5c¢), and the cloud cooling effect induced by
the circulation change, centered along the coast of south-
ern China (Fig. 4d), the largest cooling occurs over SC
where the two cooling effects overlap (Fig. 3c). The
weakened EASM in response to aerosols and a cyclonic
anomaly over the coast of SC are in agreement with the
results of Jiang et al. (2013) and Song et al. (2014), although
temperature changes here differ from these studies.

c¢. Joint impact of urbanization and aerosols

In the combined case CTL — NoUA, changes at the
surface (Fig. 3¢) and in the troposphere (Fig. 8) differ
substantially from the two individual forcing cases.
Significant cooling occurs south of 30°N at the surface
and in the lower troposphere, and weak cooling ex-
tends to the mid-to-upper troposphere between about
30° and 50°N (Fig. 8a). The cooling magnitude of the
combined urban and aerosol effects is smaller than the
aerosol-only case. Therefore, the reduction in the land—
ocean thermal contrast during the EASM is less than
that caused by aerosols only. Nevertheless, the weak-
ened southwesterly monsoon winds north of 25°N still
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favor convergence and ascent over SC although the
vertical motion anomaly is reduced (Figs. 7a and 8a).
The warming in the mid-to-upper troposphere around
20°N (Fig. 8a), which is caused by latent heating with
anomalous ascent, further enhances convergence and a
cyclonic circulation anomaly in the lower troposphere but
divergence in the upper troposphere over SC (Figs. 8a,c).
These temperature changes increase the meridional
temperature gradient around 30°N and cause westerly
wind anomalies between 20° and 30°N in the mid-to-
upper troposphere (Fig. 8b), thus enhancing the sub-
tropical westerly jet stream and increasing baroclinic
instability over SC. Corresponding to the anomalous
surface convergence and baroclinicity, the increase in
cloudiness dominates the cooling at the surface and in
the lower troposphere over SC (Figs. 3e and 8a).
When urban and aerosol effects are both considered,
the aerosols’ cooling effect is partially offset by the ur-
ban effect, and the increase in sea level pressure caused
by aerosols in EC is reduced greatly [Table 3, row (g)].
Further, the cyclonic anomaly developed in the mid-to-
upper troposphere is weak in comparison with the aerosol
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case (Figs. 7d and 8d). The anomalous descending over
NC, which is forced by the enhanced upper-tropospheric
divergence over SC, together with the weakened south-
westerly monsoon winds and the increased frictional drag
in EC, decreases cloud cover [Fig. 4f and Table 3, row
(e1)]. Thus, large cooling is located in SC when both ur-
ban and aerosol effects are considered (Figs. 3e and 8a).
In comparison with the widespread cooling over EC in
the aerosol-only case (Figs. 3¢ and 7a), the cooling pat-
tern for the combined case is much closer to the surface
temperature trends over China from station observations
for the last three decades (Xu et al. 2006). Moreover, the
enhanced cooling in SC at the surface and in the lower
troposphere helps maintain a northeasterly anomaly over
EC through thermal wind relationship and thus a weak-
ened EASM and wetter and drier conditions in SC and
NC, respectively.

In summary, the cooling effect of the increased an-
thropogenic aerosols dominates in the combined case,
and it is partly offset by the urban-induced warming at the
surface and in the troposphere north of about 35°N. Thus,
the cooling magnitude in the combined case is much
smaller than aerosol-only case. The effects of urbaniza-
tion and anthropogenic aerosols on air temperature,
clouds, and precipitation are found to be a nonlinear
combination of the effects from these two components
separately. Further studies on the nonlinearity between
the two individual components are needed.

5. Summary and conclusions

Surface and atmospheric responses to the increased
urban land use and anthropogenic aerosol emissions
since the preindustrial era in China are investigated both
individually and jointly using a comprehensive atmo-
spheric model (i.e., CAMS.1). This model can simulate
aerosols’ direct and indirect effects and is coupled with a
physically based urban module. The physical mecha-
nisms that help maintain the circulation anomalies are
found to either amplify the direct effects of urbanization
or aerosols when their effects are considered separately
or reduce them through their nonlinear interactions
when their effects are jointly considered. The urban land
use in EC, including anthropogenic heat, induces a large
warming at the surface, which elevates isobaric surfaces
and increases wind divergence above 850 hPa over the
urban region. The urban surface reduces wind speed
because of increased frictional drag. Combining the di-
vergence with the wind speed reduction, a convergence
anomaly is initiated in SC, favoring ascent, cloud for-
mation, and increased latent heating, which further en-
hances surface convergence and upper-level divergence
over SC. This causes enhanced northward advection in
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the upper troposphere and descent between 30° and
50°N. The anomalous descent north of 30°N not only
reduces cloud cover and increases surface solar heating
but also contributes to an anomalous warming in the
troposphere at those latitudes by adiabatic heating,
which in turn further elevates isobaric surfaces in the
troposphere and leads to an anticyclonic anomaly over
central Mongolia. To the west and northwest of the
anticyclonic anomaly, anomalous southerly flows also
contribute to the tropospheric heating by warm advec-
tion to the north of 50°N. Consequently, westerly winds
over midlatitude East Asia are reduced significantly,
particularly in the mid-to-upper troposphere, associated
with reduced meridional thermal gradients.

Anthropogenic aerosols decrease surface shortwave
radiation over most of East Asia by directly reflecting
and absorbing solar radiation in the atmosphere, thus
causing widespread cooling over most East Asia, in-
cluding both NC and SC. This cooling reduces the
summer land-sea thermal contrast and increases the
pressure in the lower troposphere over EC. The de-
crease in the horizontal pressure gradient force between
land and ocean weakens southwesterly monsoon winds
over EC. The reduced southwesterly winds favor mois-
ture convergence and ascent around 20°N, thus leading
to increases in cloud formation and latent heating in the
mid-to-upper troposphere over SC. The latent heating in
turn enhances not only surface convergence and ascent
over SC but also divergence in the upper troposphere.
Thus, anomalous northward airflow and forced descent
north of 30°N occur in response to the thermal and dy-
namic adjustment over SC. This reduces cloud cover
over NC. On the other hand, surface and tropospheric
cooling between 25° and 40°N over EC leads to de-
pressed isobaric surfaces in the mid-to-upper tropo-
sphere, which favors the formation of the cyclonic
anomaly in the upper troposphere. To the northeast of
the cyclonic anomaly, anomalous warm advection be-
tween 40° and 50°N partially offsets aerosol induced
cooling over NC and even causes anomalous warming
over northeastern China.

When the urban and aerosol effects are combined,
circulation changes induced by aerosols’ cooling effect
are partially offset by the urban heating effect, especially
north of 30°N. Nevertheless, their joint effect still leads
to weakening of the EASM circulation but at reduced
magnitude in comparison with the aerosols’ effect. Thus,
although the anomalous ascending and descending still
occur over SC and NC, respectively, the aforementioned
pattern of cloudiness changes is shifted northward with
significant cooling areas confined to SC.

The model-simulated effects of urbanization and
aerosols over eastern China are qualitatively consistent
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with the weakening in the EASM circulation since the
1960s (e.g., Gong and Ho 2002; Yu et al. 2004; Ding et al.
2008; Li et al. 2010), although recent studies (Zhu et al.
2011, 2015; Xu et al. 2015) suggest that the EASM has
restrengthened since about 1999, associated with recent
decadal SST changes in the Pacific. This seems to
suggest a more dominant role of Pacific SSTs (Li et al.
2010) than the effects of urbanization and aerosols, es-
pecially the role of the PDO or the IPO, which appar-
ently switched from a positive to negative phase around
1999 (Dai 2013; Dong and Dai 2015; Zhu et al. 2015).
Because of the complexity in the physical mechanisms
between urbanization/aerosols and EASM and de-
ficiencies of the model, uncertainties likely remain in the
simulated results discussed here. To reduce the un-
certainties, ensemble simulations with different initial
states are necessary to reduce the effect of internal
variability. Model simulations longer than 20 yr would
make the result more robust. In addition, coupled at-
mosphere and ocean modeling could capture ocean re-
sponse to the atmospheric circulation change instead of
prescribed SST. Therefore, further studies are still
needed in the future to reduce uncertainties and make
the result more robust.
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