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Abstract The WRF Model is used to investigate intrasea-
sonal responses of the summer rainfall to aerosol direct and
cloud-adjustment effects over East Asia, where the anthro-
pogenic aerosol loading has been increasing in the past
few decades. The responses are evaluated by comparing
two cases for each year during 2002-2008: a control case
imposing the observed aerosol optical depth of the corre-
sponding year and a sensitivity case having anthropogenic
components of the control case reduced by 75%. Analyses
of multiple-year simulations reveal that aerosol-induced
changes of rainfall and circulation exhibit strong intrasea-
sonal variability, and that the spatial pattern of changes in
the monthly rainfall is related to the intensification and
westward extension of the western North-Pacific subtropi-
cal high (WNPSH) by increased aerosols. This perturba-
tion of the WNPSH induces surface air divergence over the

This paper is a contribution to the special issue on East Asian
Climate under Global Warming: Understanding and Projection,
consisting of papers from the East Asian Climate (EAC)
community and the 13th EAC International Workshop in Beijing,
China on 24-25 March 2016, and coordinated by Jianping Li,
Huang-Hsiung Hsu, Wei-Chyung Wang, Kyung-Ja Ha, Tim Li,
and Akio Kitoh.

P< Wei-Chyung Wang
wcwang @albany.edu

Atmospheric Sciences Research Center, University at Albany,
State University of New York, Albany 12203, NY, USA

State Key Laboratory of Earth Surface Processes
and Resource Ecology, Faculty of Geographical Science,
Beijing Normal University, Beijing, China

State Key Laboratory of Numerical Modeling

for Atmospheric Sciences and Geophysical Fluid Dynamics,
Institute of Atmospheric Sciences, Chinese Academy

of Sciences, Beijing, China

southeast China and convergence over regions to the north
and west of the WNPSH, causing, respectively, decreased
and increased rainfall. As the WNPSH migration path var-
ies year by year, however, the variability of rainfall changes
over subregions of the eastern China (e.g., North China) is
large within the decade. Meanwhile, the pattern of summer-
gross rainfall changes also shows large interannual varia-
tion, but the general pattern of wetter in the west and dryer
in the east persists. Results also suggest that the aerosol
increase tends to reduce the number of Tibet Plateau vor-
tices, which indirectly influence summer rainfall over the
eastern China.

Keywords Intraseasonal - Aerosol climate forcing - East
Asia summer monsoon - Western North-Pacific subtropical
high

1 Introduction

Aerosol effects in the climate system are highly buffered
by strong multiscale coupling between aerosol, cloud,
radiation, meteorology and human activities (Stevens and
Feingold 2009). Consequently, climate responses to aero-
sol perturbations might exhibit different characteristics for
various temporal scales. For instance, for short time (cloud/
synoptic) scales, increasing aerosol concentration tends
to suppress the warm-phase precipitation and enhance the
mixed-phase precipitation, and the net precipitation can be
either increased or decreased (e.g., Rosenfeld et al. 2008;
Li et al. 2011a); nevertheless for long time (interannual/
decadal) scales, higher aerosol loading tends to weaken the
monsoon and reduce the surface precipitation by reduc-
ing the land surface temperature and thus the temperature
gradient between land and ocean (e.g., Ramanathan et al.
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2001). Previous studies usually examine climate responses
to aerosol perturbations at these two kinds of extreme
scales, while still few take care of the responses at scales
between them—the intraseasonal and interseasonal scales.
Because the atmospheric intraseasonal variations are highly
linked to various disastrous weather events during the sum-
mer (e.g., Hong et al. 2010; Liu et al. 2014), this study aims
to investigate intraseasonal characteristics of aerosol effects
on the summer rainfall over East Asia, where the summer
monsoon dominates the annual precipitation.

Intraseasonal variations widely exist in the East Asia cli-
mate system, and play an important role in the development
of many weather events. For example, the quasi-biweekly
oscillation has been identified in the summer precipita-
tion over the Tibet Plateau (TP) (Wang and Duan 2015;
Yang et al. 2016), North China (Yang et al. 2014) and the
Lower Reach of Yangtze Basin (Yang et al. 2010). Liu et al.
(2014) showed that the extreme heavy rainfall over the
southern Yangtze and Huai River Basin in the summer of
2008 was induced by the superposition of quasi-biweekly
and synoptic-scale disturbances. Similarly, Hong et al.
(2010) showed that the extreme rainfall event associated
with Typhoon Morakot (2009) in Southern Taiwan resulted
from the superposed cyclonic phases of the 10-30-day and
40-50-day intraseasonal oscillations. Recently, Zhang et al.
(2014) claimed that the quasi-biweekly oscillation over the
TP highly modulates the activity of TP vortices (TPVs),
many of which propagate eastward and develop into pre-
cipitating systems over the eastern China in summer (Tao
and Ding 1981).

The aerosol loading over Asia has been rapidly increas-
ing in the past 30 years due to industrialization and urbani-
zation (Li et al. 2011b; Wang et al. 2015). A wide range of
theoretical, observational and modeling studies have been
carried out on aerosol climate effects on Asian monsoons
and the associated precipitation as listed in the recent study
by Li et al. (2016b). Here we only give a brief review on
major findings. On the continental scale, increased aero-
sols reduce the surface insolation by aerosol direct and
indirect effects, cooling the continent and weakening the
monsoon (e.g., Guo et al. 2013; Li et al. 2016a). Locally,
aerosols alter thermodynamic profiles via radiative effects,
which modulates cloud formation and local circulation
(e.g., Wang et al. 2013b; Yang et al. 2013a, b), and change
cloud albedo and precipitation susceptibility by acting
as cloud and ice nuclei (e.g., Cheng et al. 2010; Fan et al.
2012). Particularly, a few studies have pointed out the intra-
seasonal characteristics of aerosol effects on the Indian
summer monsoon precipitation. For example, Lau and
Kim (2006) and Lau et al. (2006) showed that increased
absorbing aerosols may induce an advance of rainy peri-
ods and intensify the summer monsoon via the ‘Elevated
Heat Pump’ mechanism; and Manoj et al. (2011) claimed
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that absorbing aerosols tend to facilitate transition of the
monsoon from break to active spells. In contrast, the intra-
seasonal characteristics of aerosol effects on the East Asia
summer rainfall have not been addressed yet.

In this study, we simulate the summer rainfall over East
Asia using the WRF Model, in which both direct and indi-
rect effects of aerosols are calculated online, and examine
the characteristics of the monthly-rainfall responses to the
anthropogenic aerosol perturbation. Previous studies have
shown that the rainbelt over East Asia is generally charac-
terized by the northward marching month by month with
the successive onset of the summer monsoon from South
China to North China (e.g., Qian and Lee 2000). In May,
the rainbelt starts to form over South China; in June, it
shifts to the Yangtze/Huai River Valley (YHRV) when
the Meiyu starts; then in July, it moves further northward,
and finally retreats from Northeastern China at the end of
August (Dao and Chen 1957). Besides, interannual vari-
ability also exists in the rainbelt marching. When the north-
west subtropical ridge is intensified and westward extended,
the Meiyu lasts a longer time over the YHRV and produces
more precipitation there (Chang et al. 2000).

The rest of this paper is arranged as follows: detailed
descriptions of the model and experiment setup are given
in Sect. 2; Sect. 3 shows the characteristics of the simulated
monthly precipitation and cloud; Sect. 4 presents the char-
acteristics of aerosol effects on the monthly surface rainfall
and its interannual variability; and the conclusion and dis-
cussion are given in Sect. 5.

2 Model and experiment setup
2.1 Model configuration

In this study, aerosol direct and indirect effects are online
calculated in the WRF Model (version 3.6.1). Multi-com-
ponent aerosol fields are prescribed to account for aerosol
radiative effects; meanwhile, soluble aerosol components
are converted into the equivalent ammonia-sulfate mass
based on their hygroscopicity and serve as cloud nuclei
(CN) in a two-moment cloud microphysical scheme (Cheng
et al. 2007, 2010; Chen et al. 2015; Chen and Wang 2016),
which predicts number and mass mixing ratios of five
hydrometeor classes (cloud droplet, rain droplet, cloud ice,
snow and graupel). Whenever the radiation transfer subrou-
tines are called (every 30 min), the model calculates aero-
sol radiative properties with the instant relative humidity
using subroutines imported from the WRF-Chem Model,
and effective radii of cloud droplet, cloud ice and snow
with the predicted number and mass mixing ratios of rel-
evant hydrometeors, and then passes them to the RRTMG
shortwave and longwave radiation schemes (Iacono et al.
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2008) together with hydrometeor mass mixing ratios. The
effective radius of cloud droplet is calculated with the for-
mula in Chen and Liu (2004), while effective radii of cloud
ice and snow are calculated using codes from the Thomp-
son scheme (Thompson et al. 2016). In addition, because
this microphysical scheme tracks CN mass in hydromete-
ors, CN at each cubic grid can be depleted by cloud and
precipitation processes, and its concentration recovers to
the prescribed level only when the gird is cloud free. In this
way, CN removal due to cloud and precipitation processes
is accounted for to some degree, avoiding nucleating too
many droplets. Ice nucleation is calculated with empiri-
cal equations (see details in Cheng et al. 2010) and is not
affected by the prescribed aerosol fields, thus aerosols’ role
as ice nuclei is not concerned in this study.

Other physical processes are configured using the
default model setup: the Kain-Fritsch scheme (Kain
2004) for cumulus convection, the Noah scheme (Chen
and Dudhia 2001) for land surface, the Monin—Obukhov
scheme (Monin and Obukhov 1954) for surface layer and
the YSU scheme (Hong et al. 2006) for planetary boundary
layer, respectively. Note that the cumulus radiative feed-
back is deactivated, so neither cloud fraction nor conden-
sate masses from the cumulus parameterization intervene
in the radiation calculation. This contributes the underesti-
mation of liquid water path (LWP) shown below.
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Figure 1 presents the simulation domain. Besides
East Asia, the domain includes a part of South Asia (the
northern India). It is expected that the Indian aerosol
loading might affect the TPV activities and subsequently
modulate precipitating systems over East Asia. There are
201 x 140 grids horizontally with a resolution of 30 km
and 50 levels vertically. Note that with the current hori-
zontal resolution, cumulus parameterization handles most
precipitation while microphysical parameterization can
only resolve large-scale stratus clouds, which produce
less precipitation but dominate cloud radiative forcing.
Therefore, aerosol effects of precipitation suppression
(Albrecht 1989) and convection invigoration (Rosenfeld
et al. 2008) are minimal in this study, and changes of
cloud and precipitation are mainly attributed to adjust-
ments to stability and circulation changes caused by
shortwave cooling associated with aerosol direct (radia-
tive) and first-indirect (Twomey 1974) effects and long-
wave warming associated with aerosol-perturbed ice con-
tent in stratus clouds (Fan et al. 2016; Wang et al. 2014).

The model is driven with meteorological forcings from
the ERA-Interim Reanalysis (Dee et al. 2011; http://rad.
ucar.edu/datasets/ds627.0), and the daily SST from the
NCEP RTG_SST analysis data (Thiébaux et al. 2003).
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Fig. 1 Aerosol optical depth (AOD) in the control simulation of 2008: a total AOD; b—f AOD of dust, sea salt, black carbon (BC), organic car-

bon (OC) and sulfate (SO4) aerosols, respectively
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2.2 Experiment setup

The summer climate over East Asia is simulated for 7 years
(2002-2008), and its responses to aerosols are examined for
each year individually. This is intentional because the East
Asia summer monsoon (EASM) exhibits strong interannual
variability in both intensity and duration. As shown by Li
et al. (2016a; cf. Fig. 1), the EASM is relatively strong in
2002, 2004 and 2006 but weak in the rest 4 years. Climate
responses might show different characteristics in different
years even for the same aerosol forcing, and conventional
composite analyses between years could mask these charac-
teristics to some degree. For all years, the simulation runs
from 28 May to 31 August with data stored every 3 h, and
results in the first 4 days are discarded as the model spin-
up. For 2008, two extra simulations are conducted with
a different initial time (2008-05-26 12:00:00 UTC) and a
different computer to improve the robustness. The results
show sensitivity to these conditions (shown in Sect. 4), but
retain similar intraseasonal characteristics. It gives us the
confidence to examine the interannual variability of these
characteristics using data from the single-ensemble simula-
tions for other years.

For each year, intraseasonal responses are evaluated by
comparing two cases: a control case and a sensitivity case,
which are representative of the current (polluted) aerosol
loading and the aerosol loading in 1970s before the rapid
industry growth over Asia, respectively. In the control case,
aerosol fields in the WRF model are composited using
the historical aerosol data from the CAM-Chem Model
(Lamarque et al. 2012) and the observed aerosol opti-
cal depth (AOD) by the Aqua MODIS instrument (v051,
Level 3, monthly). The CAM-Chem aerosol data have
monthly mixing ratios of 14 components for 5 aerosol spe-
cies including sulfate, black carbon (BC), organic carbon
(OC), sea salt and dust. Because the AOD calculated with
this dataset shows large deviations from the MODIS AOD

in both the spatial distribution and magnitude (figure not
shown), we multiply aerosol concentrations in each column
with a factor to make the resulted AOD match the MODIS
AQOD. In other words, the MODIS data provide information
of aerosol horizontal distribution, while the CAM-Chem
data provide information of aerosol vertical distribution
and chemistry compositions. The monthly aerosol fields
vary little during 3 months in summer (June—August), so
we simply employ the summer-mean aerosol loading in the
model and hold it constant throughout the simulation. Aer-
osol temporal variations are mainly significant at the syn-
optic scale (~days) and cannot be resolved by the monthly
data in this study. Their climate effects will be investigated
by using aerosol data with finer time resolutions in our
future research.

Figure 1 presents the AOD distribution in the control
case of 2008, and the similar spatial patterns persist in the
control case of other years (figure not shown). Three peak
regions are identified: the India subcontinent, the Tarim
Basin and the eastern China (Fig. 1a). Large AOD values
over the Tarim Basin and the northwest India are domi-
nated by dust particles (Fig. 1b), while large AOD values
over the northern India (along the south slope of the Hima-
layas) and the eastern China are dominated by BC, OC and
sulfate (Fig. 1d—f). The latter regions generally correspond
to concentrated areas of cities and industries (e.g., the Jing-
Jin-Ji region and the YHRV), in line with the dominance
of anthropogenic emissions in BC, OC and sulfate aero-
sols. The AOD by sea salt only shows large values over the
ocean and coastal regions, and is negligible over the inland.

In the sensitivity case, the multi-component aerosol
fields are identical to those in the control case, except that
the concentrations of anthropogenic aerosols (sulfate, OC
and BC) are reduced to their 1/4. This simple estimation
for the aerosol loading in 1970s is not fully arbitrary. As
shown in Fig. 2a, the SO, emission rate in 2000s by China
mainland and India is approximately 4 times that in 1970s.
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Fig. 2 Configurations of aerosol loading in the sensitivity case of
2008: a historical anthropogenic SO, emission rates of China main-
land and India in 1970-2008; b total AOD in the sensitivity case; ¢
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difference in total AOD between control and sensitivity cases (con-
trol minus sensitivity). Source of SO, emission rate: EC-JRC/PBL.
EDGAR version 4.2. http://edgar.jrc.ec.europa.eu/, 2011
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Since emissions of sulfate, OC and BC are associated with
the same set of human activities, it is assumed in this con-
figuration that the loadings of aerosols are proportional to
their emission rates, and the SO, emission rate indicates the
emission level of all anthropogenic aerosols. As a result,
the AOD difference between control and sensitivity cases
is significant over the northern India and the eastern China
but minor over other regions (Fig. 2b, c¢). The focus of this
study is how this pattern of aerosol perturbations affects the
surface precipitation.

3 Characteristics of the simulated monthly
precipitation and cloud

This section presents a general perspective of the ensem-
ble-mean results from the control simulations of 2008
to demonstrate the model’s performance in simulating

the monsoon intraseasonal migration and the associated
changes in precipitation and cloud.

Figure 3 shows the monthly-mean rain rate from WRF
simulations compared with the rain rate estimated by the
ERA-Interim 12-hour forecast and the Global Precipitation
Climatology Project (GPCP, Version 1.2; Huffman et al.
2001). For all 3 months, the rain rate from WRF simula-
tion is much higher than that in GPCP, but is very close to
that in ERA-Interim forecast. It indicates that parameteri-
zations in the WRF Model well capture responses of cir-
culation and precipitation to meteorological forcings from
the ERA-Interim reanalysis, but the ERA-Interim itself has
some uncertainties over East Asia relative to observations.
The overestimated precipitation is also shown in Li et al.
(2016a; cf. Fig. 2), where the ERA-Interim data were used
to drive a different regional climate model.

From June to August, the simulated rainbelt migration
by WRF is quite similar to that shown in ERA-Interim

B
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Fig. 3 Monthly-mean rain rate in the 2008 summer from a the WRF

simulation (the control case), b the ERA-Interim forecast and ¢ the
GPCP dataset. Purple lines in this figure, Figs. 4, 5, 6, 7, 8 and 10

90°E 100°E 110°E 120°90°E

10.0 125 15.0 17.5 20.0

AR Y

NG

GPCP

80°E 90°E 100°E 110°E 120°E
20ms' —

(mm day™")

indicate simulated 500 hPa geopotential height fields in the control
case (unit 10 gpm)

@ Springer



3990

G. Chen et al.

and GPCP datasets. In June, when the western North-
Pacific subtropical high (WNPSH) is just touching the
southeast coast of China (5860 contour in Fig. la), a
rainbelt is formed over the southeast China. The strong
southwest air flow (wind fields at 850 hPa) brings large
amounts of water vapor there from the South China Sea.
Meanwhile, another rainbelt is starting to form over the
YHRV. In July, when the WNPSH is extended westward
and northward and occupies the southeast coast, the rain-
fall over the southeast China is much reduced while the
YHRV rainbelt is enhanced and shifted northwestward
to some degree. The southwest flow at 850 hPa also gets
deep into North China. In August, when the WNPSH
extends further westward to the inland China and begins
to retreat southward, precipitation is suppressed over the
whole South China while the rainbelt over North China
is still visible but much weaker. As the southwest flow is
greatly weakened, excessive water vapor is confined over
the tropical land and ocean, where heavy precipitation is
produced.

Overall, it is shown that the rainbelt marching over
the eastern China is driven by the WNPSH intraseasonal
migration. For all months, the heavy rainfall tends to
occur over regions to the west and north of the WNPSH,
where the water vapor is convergent; and less rainfall is
produced over regions dominated by the WNPSH and
divergent flows.

As aerosol indirect radiative forcing is mainly rel-
evant to liquid clouds, here we evaluate the simulated
cloud fraction below 440 hPa (where most liquid water
resides) and LWP against the observed LWP by Aqua
MODIS. Shown in Fig. 4, the model underestimates LWP
over many regions by as much as 100 g m~2. This is not
unexpected. As noted in Sect. 2.1, the simulated clouds
are composed of only large-scale stratus clouds due to
the coarse horizontal resolution, and convective clouds,
which are usually smaller than the grid size but carry
large amounts of cloud water, are excluded. Certainly this
tends to lower the simulated shortwave radiative forcing.
However, the liquid clouds present the similar intrasea-
sonal characteristics as the surface rainfall for both simu-
lations and observations: cloud fraction and LWP are
large over regions to the west and north of the WNPSH
and small over the WNPSH occupied region. It is clear
that clouds are concentrated to the south of 35°N in June,
and move northward in July and August when cloud
cover and thickness are much reduced over the southeast
China due to the WNPSH occupation. As a result, the
indirect radiative forcing of aerosols should be strong to
the west and north of the WNPSH. This is shown below
to have contributions to the rainfall responses to aerosol
perturbations.
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4 Aerosol effects on the summer rainfall

In this section, we examine the intraseasonal responses of
surface rainfall and circulation to anthropogenic aerosol
perturbations by comparing results from the control and
sensitivity simulations for each individual year. Firstly,
the characteristics of monthly-mean responses are demon-
strated using the ensemble-mean results from simulations
of 2008; then results from simulations of other years are
used to verify these characteristics to account for interan-
nual variations of the EASM.

4.1 Intraseasonal characteristics of changes in rainfall
and circulation

Figure 5 presents responses of the monthly-mean rain-
fall at the surface during 2008, in which the 500 hPa geo-
potential height fields from the control case are superposed
(the purple contours) to facilitate analyses. First, it is clear
that the total rainfall changes do not have a constant spa-
tial pattern (e.g., flooding in south and drought in north) in
the 3 months in spite of the constant aerosol perturbation
(Fig. 5a—c). Instead, the spatial pattern exhibits strong vari-
ations associated with the intraseasonal migration of the
WNPSH: the boundaries between regions with increased
and decreased precipitation move northward and westward
with the WNPSH. For all months, the WNPSH occupied
regions (i.e. southeast coast in June and South China in
July and August) are characterized by reduced precipita-
tion, while regions to the west and north of the WNPSH are
characterized with enhanced precipitation. Second, changes
of convective rainfall (Fig. 5d—f) dominate the total rainfall
changes, which is in line with that convective rainfall domi-
nates total rainfall due to the coarse horizontal resolution.
Third, changes of convective and stratus (microphysical,
Fig. 5g—i) rainfalls generally have the same spatial distribu-
tions as the total rainfall changes. This is because aerosol
effects of precipitation suppression and convection invig-
oration are not significant in the current model setup, and
thus rainfall changes are dominated by the meteorology
perturbation due to circulation changes. Particularly for the
stratus rainfall, it can be inferred that the effect of circula-
tion changes overwhelms the aerosol effect of precipitation
suppression.

Changes of liquid cloud fraction and LWP show simi-
lar spatial patterns to those of precipitation (Fig. 6).
When anthropogenic aerosols are increased, cloud cover
and thickness are increased to the west and north of the
WNPSH but decreased over the WNPSH occupied regions.
Therein, changes of mid-level clouds (between 680 and
440 hPa) dominate; low-level clouds (below 680 hPa) are
generally increased over the whole eastern China; and
changes of high-level clouds (above 440 hPa) are similar
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Fig. 4 Monthly cloud fraction (below 440 hPa) and liquid water path
(LWP) from control simulations of 2008. The columnar cloud frac-
tion a—c is calculated assuming maximum/random overlapping using
only 3D cloud fraction below 440 hPa, for low- and mid-level clouds
contain most liquid water and dominate the shortwave cloud radia-

to those of mid-level clouds (figure not shown). Given that
the simulated clouds are composed of only stratus clouds
while the simulated precipitation is dominated by convec-
tive clouds, this further confirms that the responses are
dominated by adjustment to circulation changes.

Figure 7 shows aerosol forcings on the surface energy
balance via direct (aerosol-radiation interaction) and indi-
rect (aerosol-cloud-radiation interactions) paths. The pat-
tern of direct radiative forcing (ADRF, Fig. 7a—c) is in line
with that of the AOD difference (i.e. Fig. 2¢), and shows
little variation from June to August. For most regions
(especially the northern India and the eastern China), the
aerosol perturbation reduces radiation reaching the surface,
indicating the scattering and absorption of anthropogenic

‘
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tive forcing. MODIS LWP data are from the Aqua satellite (MYDO08_
M3_6, 1°x 1°; from https://giovanni.sci.gsfc.nasa.gov/). Note that the
lower two rows use different colorbar ranges to highlight the similar-
ity of cloud spatial distributions

aerosols. Over the inland, the radiation flux is slightly
increased (mostly not significant statistically). This is
mainly due to the longwave emission of absorbing aerosols.
In contrast, the pattern of indirect (cloud) radiative forc-
ing (ACREF, Fig. 7d—f) varies significantly with time. Note
that three kinds of processes contribute to ACRF. First,
increased aerosols reduce the clear-sky shortwave fluxes,
which generally weakens cloud effects; second, increased
aerosols increase cloud albedo by acting as cloud nuclei
and enhance cloud radiative forcing; third, cloud fraction
might increase or decrease to adjust to changes in aerosol
radiative effects and the associated circulation, which can
either increase or decrease cloud radiative forcing. For
example, the cooling over central China in Fig. 7e is mainly
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Fig. 5 Changes of rain rate at the surface due to the increased
anthropogenic aerosols (control minus sensitivity): a—c total rain
rate; d—f rain rate from cumulus parameterization; and g-i rain rate

attributed to increased cloud fraction, while the warm-
ing to its east is attributed to decreased cloud fraction and
decreased clear-sky radiation fluxes. The total radiative
forcing associated with the aerosol perturbation is the gen-
eral cooling over the eastern China with several warming
(or less cooling) spots embedded over the WNPSH occu-
pied regions.

Figure 8 presents circulation changes using the 850 hPa
winds and the 500 hPa geopotential height fields. It shows
increased geopotential heights over the eastern China, espe-
cially at the front of the WNPSH. This indicates that the
WNPSH is westward extended. Consequently, the WNPSH
occupied regions are featured with weakened southerlies
(i.e. anomalous northerlies over the southeast China) and
divergent flows, while to the west and north of the WNPSH
are strengthened southerlies and convergent flows due to
increased pressure gradients.
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from microphysical parameterization. In this figure and Figs. 6, 7
and 8, dots indicate changes that are statistically significant (t test; P
value <0.1)

Given changes in precipitation, clouds, aerosol radiative
forcing and circulation shown above, the following feed-
back processes are speculated to explain the intraseasonal
characteristics of aerosol effects. First, the increased anthro-
pogenic aerosols over the eastern China cool the surface via
the solar dimming effect; the pressure increases over the
eastern China, and the WNPSH is extended westward; less
water vapor gets to the WNPSH occupied regions due to
anomalous divergent flows (weakened monsoon) and pro-
duces less cloud and precipitation (low-level clouds might
be increased due to increased atmospheric stability), while
more water vapor gets to the west and north of the WNPSH
due to anomalous convergent flows and produces more pre-
cipitation and clouds there, which cools the surface and
further extends the WNPSH westward. Note that here the
WNPSH is just slightly perturbed by the aerosol loading
over the eastern China. Its intraseasonal migration is still
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Fig. 6 Changes of cloud fraction (below 440 hPa) and liquid water path due to the increased anthropogenic aerosols (control minus sensitivity)

dominated by larger- and longer-scale climate processes
(e.g., solar annual cycle, ENSO, PDO).

4.2 Interannual variability of the western North-Pacific
subtropical high

The interannual variability of the EASM can be gener-
ally represented by that of the WNPSH (Chang et al.
2000; Wang et al. 2013a). Here we go further by using the
westmost point in the 5880 contour (hereafter W588) of
500 hPa to indicate the WNPSH migration, for the 5880
contour is usually a closed circle and easy to be identified.
Shown in Fig. 9, the W588 is usually located around 20°N
in June, marches northwestward in July and retreats east-
ward in August. However, the marching path varies greatly
between years. Note that the W588 can indicate the mon-
soon strength to some degree, but it is not a perfect indi-
cator. For all years shown above, the monsoon rainfall
over East Asia is generally tied with the 5860 contour, but
the distance between 5880 and 5860 contours varies a lot
in both longitudinal and latitudinal dimensions between
years, so the W588 cannot precisely indicate how much
the WNPSH gets deep into the continent. To save space,
we select to show results of 6 months during 2002-2007,
in which W588 locations show relatively large deviations
from those in 2008. The six months are June of 2004 and
2006, July of 2002 and 2003, and August of 2005 and 2007.

Figure 10 presents responses of the monthly-mean rain-
fall at the surface and the 500 hPa geopotential height fields
to increased anthropogenic aerosols. As the WNPSH occu-
pies different regions for the selected months, which stands
for different monsoon strengths, aerosol-induced changes
of rainfall and circulation show large interannual varia-
tions (especially for subregions over the eastern China,
e.g., North China), but the pattern of changes is always
tied to the WNPSH location. The geopotential height in the
front of the WNPSH is increased, indicating the westward
extending of the WNPSH, which reduces precipitation over
the WNPSH occupied region and enhances precipitation
over regions to the west and north of the WNPSH. This is
consistent with results from simulations of 2008, and con-
firms the intraseasonal characteristics of aerosol effects
shown above.

While responses of the monthly-mean rainfall exhibit
strong modulation by the intraseasonal migration of the
WNPSH, responses of the summer-gross rainfall vary sig-
nificantly (Fig. 11) due to interannual variability of the
WNPSH migration path. However, a common feature is
the generally wetter and dryer over the western and east-
ern China (especially the wetter over the northwest China
and the dryer over the southeast China), respectively.
From south to north, boundaries between the wetter and
dryer regions are associated with how deep the WNPSH
gets westward into the inland China. For example, the
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Fig. 7 Changes of radiative forcing at the surface due to increased radiative forcing (TRF). Both longwave and shortwave fluxes are
anthropogenic aerosols (control minus sensitivity): a—c direct radia- included in the calculation, and the shortwave radiative effect domi-
tive forcing (DRF), d—f cloud radiative forcing (CRF) and g-i total nates
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Fig. 8 Changes of the 500 hPa geopotential height fields (shading APH) and the 850 hPa circulation (vectors) due to the increased anthropo-
genic aerosols (control minus sensitivity). Only wind vectors that are larger than 0.1 m s~ ! are plotted
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Fig. 9 Interannual variability of the western North-Pacific subtropi-
cal high (WNPSH) migration path in summers of 2002-2008, indi-
cated by the location of the westmost point in the 5880 contour of
500 hPa (W588). The filled dots indicate W588 locations in June

boundaries in North China lie around 115°E in 2002
and 2004 when the W588 stays far from the continent in
August; in contrast, the boundaries in South China are
pushed westward to the TP region in 2003, 2006 and 2007
when the W588 gets on the continent occasionally.

(a) 2004 Jun

5 Conclusion and discussion

This study investigates intraseasonal responses of the East
Asia summer rainfall to the increased anthropogenic aero-
sols using multiple-year (2002-2008) WRF simulations, in
which both direct and indirect effects of aerosols are cal-
culated online with prescribed multi-component aerosol
fields. Even though aerosol effects of precipitation suppres-
sion and convection invigoration are not fully accounted for
due to the coarse horizontal resolution, the responses are
still significant. Major findings are highlighted here. First,
the spatial pattern of responses is tied to the WNPSH loca-
tion (i.e. the rainfall is enhanced over regions to the west
and north of the WNPSH and reduced over the WNPSH
occupied region), and exhibits strong variations due to
intraseasonal and interannual variability of the WNPSH
migration. This implies that the WNPSH evolution has to
be evaluated first when examining regional characteristics
of aerosol effects over East Asia using general circulation
models, in which the WNPSH is simulated rather than pre-
scribed as in this study. Second, the WNPSH is shown to
be westward extended by aerosol forcings over East Asia.
Although it is accompanied by significant changes in rain-
fall and circulation, this extension is only a small perturba-
tion at the intraseasonal scale to the WNPSH, whose migra-
tion is dominated by larger- and longer-scale processes. For
example, the periodical oscillations in SST are responsible
for most of the WNPSH variations (Chang et al. 2000; Ren
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Fig. 10 Monthly-mean responses of the surface rain rate and the 500 hPa geopotential height field to increased anthropogenic aerosols for

selected months during 2002-2007
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Fig. 11 Spatial patterns of the summer-mean response in rain rate at
the surface: a—f results from simulations of 2002-2007; g—i results
from the three pairs of simulations included in the ensemble of 2008.

et al. 2013), which is beyond the scope of this study. Third,
responses of the summer-gross rainfall show a general pat-
tern of more rainfall over the western China and less over
the eastern China. This finding agrees with observational
studies showing that it is getting wetter over the northwest
China but dryer over the southeast China in the past few
decades (Zhai et al. 2005; Feng and Zhao 2015).

As many precipitating systems over the eastern China
originate from TPV vortices, the simulated TPV activi-
ties and their responses to the aerosol loading are also
examined in this study. First, the TPVs do show modula-
tions by the quasi-biweekly oscillation over the TP, but
the phase correlation is not as clear (figure not shown) as
shown by Zhang et al. (2014). This might be due to dif-
ferences in the TPV detecting procedure. Second, TPVs
are less frequently identified in the control case than in
the sensitivity case for all pairs of simulations except
2008B (shown in Table 1). This tendency is consistent
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2008A and 2008B were initialized from 2008-05-28 00:00:00 and
2008-05-26 12:00:00, respectively, while 2008C was initialized from
2008-05-28 00:00:00 but run on a second computer

with the finding of Lin (2015) that TPV numbers shows a
decreasing trend (though not very significant) since 1979.
It is not sure whether this is induced by aerosol changes
in China or India (or both), but it suggests a new possible
path in which aerosols are modulating the summer rain-
fall over the eastern China. More effort is warranted to
verify this and sort out the detailed mechanism.

Previous studies (Schneider and Bordoni 2008; Bor-
doni and Schneider 2008) showed that monsoons are
mainly governed by feedbacks between large-scale extra-
tropical eddies and tropical overturning circulation,
wherein the former are generally carried by the midlati-
tude intraseasonal variations (e.g., Roundy 2012; Park
et al. 2015). Within this context, the significant intra-
seasonal responses of EASM to aerosol perturbations
revealed in this study indicate that the intraseasonal scale
could be a breakthrough point for understanding aerosol-
monsoon interactions.
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Table 1 Total frequency of
low-level cyclones on the Tibet
Plateau in the summer of all
simulations

2002 2003 2004 2005 2006 2007 2008A 2008B 2008C
Control 969 837 1062 1033 771 925 1198 1171 1156
Sensitivity 1092 900 1124 1176 924 948 1242 1156 1228

The low-level cyclones are identified on the 3-hourly 500 hPa surface with two criterions. First, the low-
pressure center is circled by one or more closed contours that are plotted every 5 gpm; second, the outer-
most closed contour covers an area no less than 10,000 km?. This method was ever used in Lin (2015) to
identify and track TPVs in the ERA-Interim reanalysis. Note that numbers in this table are not normalized
with respect to sampling frequency (eight times per day) and simulation length (92 days), and that the life-
time criterion which requires tracking TPV propagation is not applied, so the numbers cannot be directly

compared with TPV numbers in Lin (2015)
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