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ABSTRACT

The effect of anthropogenic aerosols on the spring persistent rain (SPR) over eastern China is investigated
by using a high-resolution Community Atmosphere Model version 5.1 (CAM5.1). The results show that the
SPR starts later due to anthropogenic aerosols, with a shortened duration and reduced rainfall amount.
A reduction in air temperature over the low latitudes in East Asia is linked to anthropogenic aerosols;
so is a weakened southwesterly on the north side of the subtropical high. Meanwhile, air temperature
increases significantly over the high latitudes. This north-south asymmetrical thermal effect acts to reduce
the meridional temperature gradient, weakening the upper-level westerly jet over East Asia and the vertical
motion over southeastern China. As a result, the SPR is reduced and has a much shorter duration. The
indirect effect of anthropogenic aerosols also plays an important role in changing the SPR. Cloud droplet
number concentration increases due to anthropogenic aerosols acting as cloud condensation nuclei, leading

to a reduction in cloud effective radius over eastern China and a reduced precipitation efficiency there.
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1. Introduction

The increase in surface air temperature induced
by anthropogenic black carbon (BC) is significantly
greater in the Northern Hemisphere than in the South-
ern Hemisphere, and a northward shift of the in-
tertropical convergence zone (ITCZ) is thus predicted
(Chung and Seinfeld, 2005). However, some studies
found that inter-hemispheric asymmetry cooling due
to aerosols brings a significant reduction in precipita-
tion to the north of the equator and an increase to
the south, shifting the ITCZ southward (Ming and
Ramaswamy, 2009; Wang et al., 2013). China, lo-

cated in East Asia, is a pronounced monsoon region.

East Asian monsoons have great impacts on the re-
gional climate change. Meanwhile, China has recently
experienced a rapid economic development, and its
emissions of anthropogenic aerosols have greatly in-
creased with the expansion of urban areas along the
east coast of China. These local aerosol emissions can
play an important role in regional climate (Li Z. et al.,
2010).

Effects of anthropogenic aerosols on East Asian
monsoons have been studied and simulated. A de-
crease in surface temperature induced by aerosols can
weaken both summer and winter monsoons (Liu et al.,
2009; Deng et al., 2014a). Menon et al. (2002) showed
that the solar radiation absorbed by BC could heat the
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air, leading to strengthened convective activities over
southern China, which is in accordance with the
“southern flood and northern drought” phenomenon in
summer over China during the last 50 years. However,
other studies suggested that aerosols do not contribute
to the observed anomalous summer rainfall over East
Asia, or even cause an opposite precipitation pattern
(Gu et al., 2006; Wang et al., 2009a; Zhang H. et al.,
2009; Zhang et al., 2012).

still exist in simulating and estimating the impacts of

Therefore, uncertainties

aerosols on the summer precipitation over East Asia.

Previous studies mostly focused on East Asian
summer or winter monsoons. There is a lack of re-
search on the effect of aerosols on atmospheric cir-
culation during spring. Tian and Yasunari (1998) ad-
vanced the concept of spring persistent rain (SPR) and
regarded the SPR as a climatic event. The SPR usu-
ally occurs in the area between the middle and lower
reaches of the Yangtze River and the Nanling Moun-
tains (25°-30°N) during March and April, which is
a persistent and relatively steady pluvial period over
eastern China before the onset of the South China Sea
summer monsoon (SCSSM; Wan et al., 2008¢). Wan
et al. (2006, 2008a) suggested that the formation of
the SPR was the result of mechanical forcing and ther-
mal forcing of the Tibetan Plateau (TP) and the lo-
cation and intensity of the SPR were influenced by
the topography of the Nanling and Wuyi mountains.
Moreover, the seasonal reverse of the zonal land-sea
thermal contrast would precondition establishment of
the East Asian subtropical summer monsoon (Qi et
al., 2008), which may be crucial to the formation of
the SPR as well (Li Chao et al., 2010; Zhang et al.,
2011). Interdecadal variability of the SPR was stud-
ied by Jiang and Zhao (2012). They found a spring
precipitation surplus over eastern China from the mid
1970s to the early 1980s, and a precipitation deficit
after the early 1990s.

With less precipitation in the Northern Hemi-
sphere before summer monsoon, wet deposition is at
its minimum in spring, and as a result, aerosols will
remain in the atmosphere for a longer time. Signifi-
cant thermal responses of atmosphere to the radiative

forcing of aerosols may induce changes in general cir-

VOL.28

culation to influence the subsequent evolution of the
East Asian summer monsoon (Lau and Kim, 2006b).
Using the Community Atmosphere Model version 3.0
(CAM3.0), Wang et al. (2009b) simulated the effect
They
suggested that BC warmed the lower troposphere by

of BC on summer monsoon over South Asia.

strongly absorbing solar radiation in South Asia in late
spring, leading to an advance of the rainy periods over
the Bay of Bengal and its coast, together with the on-
set of the Indian summer monsoon. Using the same
(2011) showed

that the spring precipitation decreased in central to

general circulation model, Hu et al.

southern China but increased in northern China due
to sulfate (SF) and BC over East Asia. It is noted
that the response of atmosphere to the aerosols dur-
ing spring is far from a simple pattern related to local
direct aerosol forcing, and the structure and ampli-
tude of such a regional response is determined by the
balance of several factors, including solar heating, con-
densation and adiabatic heating, and turbulent diffu-
sion in the boundary layer (Kim et al., 2006).

The purpose of this study is to investigate the im-
pact of anthropogenic aerosols on the SPR, over east-
ern China using a high-resolution global climate model
(CAM5.1) from the National Center for Atmospheric
Research (NCAR). Section 2 describes the model, ex-
perimental design, and observational data used in this
study. In Section 3, the corresponding results in spring
responses of atmosphere to the radiative forcing of
aerosols over eastern China are presented, and a pos-
sible mechanism is discussed. Finally, the conclusions

and discussion are given in Section 4.
2. Model, experimental design, and data

2.1 General circulation model and aerosol mo-
dule

An earlier version of the Community Atmosphere
Model (CAM3.0) has been widely used to study the
effect of aerosols on the climate over East Asia (Liu et
al., 2009; Wang et al., 2009a; Hu et al., 2011; Zhang et
al., 2011). CAMBS5.1 is the latest version of the atmo-
sphere model (Neale et al., 2010) in the Community
Earth System Model version 1 (CESM1) released in
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2011 by the NCAR. It could simulate the atmo-
spheric circulation stand alone or be coupled with
other models in the CESM1. Moreover, CAM5.1 pro-
vides a three-mode version of the modal aerosol mod-
ule (MAM3) for long-term climate simulations, includ-
ing the Atiken mode, accumulation mode, and coarse
mode (Liu et al., 2012). The aerosols involved in each
mode are internally mixed, which is closer to the ex-
istent state of aerosols in the observation. Therefore,
the optical property of aerosols could be well described
by MAM3 in CAMS5.1, and the particle distribution
and number concentration are accurately calculated
for better simulation of the direct and indirect ef-
fects of aerosols. This aerosol module contains several
main kinds of aerosols, such as SF, BC, organic carbon
(OC), dust (Dst), and sea salt (SS). CAM5.1 used in
this study has a high resolution of 0.9°x 1.25° and a
hybrid vertical coordinate with 30 levels, including a
rigid lid at 3.643 hPa.

2.2 Experimental design

To investigate the effect of anthropogenic aerosols
on the SPR over eastern China, we perform two
numerical experiments, i.e., a control experiment
(CTRL) with all anthropogenic aerosols forcing (for

year 2000) and a sensitivity experiment (NOAERO).
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In NOAERO, anthropogenic aerosols (BC, SF, and
OC) linked to human activities at the surface or in the
upper air over eastern China (20°-45°N, 100°-125°E)
are all prescribed at the pre-industrial level (for year
1850), but natural aerosols (Dst and SS) produced by
natural processes such as volcanic eruptions are unad-
justed (Fig. 1). The emission sources involved in both
experiments are those used in the Intergovernmental
Panel on Climate Change (IPCC) fifth Assessment Re-
port (AR5) (Lamarque et al., 2010). All greenhouse
gases and interactive land-atmospheric forcing are the
same in both simulations. Thus, the difference be-
tween CTRL and NOAERO can be regarded as the
impact of anthropogenic aerosols over eastern China
on the East Asian climate.

In both experiments, sea surface temperature
(SST) is prescribed with monthly mean SST from
1850 to 2010, which is a blended SST dataset with
HadISST1 from the UK Met Office Hadley Center and
OI SST from the National Oceanic and Atmospheric
Administration (NOAA) (Hurrell et al., 2008). Con-
sequently, the seasonal and interannual variations of
the SST are present during the model integrations,
and as a result the influence of the intensity of East
Asian monsoons on the spatial distribution of aerosols
is considered; that is, the interaction between aerosols
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Fig. 1. Spatial distributions of initial anthropogenic aerosol emissions of (a, d) sulfate (10® mol cm™2 s7), (b, e) black
carbon (10'° mol cm™2 s71), and (c, ) organic carbon (10'° mol cm™2 s7%) over East Asia for (a—c) CTRL and (d-f)

NOAREO.
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and atmosphere is included in the experiments. Both
simulations are integrated from January 1988 to De-
cember 2007, and the results from the last 15 years
(1993-2007) are analyzed. Tian and Yasunari (1998)
suggested that the duration of the SPR is in pentads
12-16 (March to early May), while Wan et al. (2006)
noted the SPR for the period of March and April. As
the pre-rainy season in South China generally occurs
in mid May, the period of March to April is chosen as
the SPR period in this paper as in Wan et al. (2006).

2.3 Data

The daily and monthly reanalysis from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF), namely the ERA-Interim, is used to vali-
date the simulated atmospheric circulation. The ERA-
Interim puts emphasis on improving its earlier reanal-
ysis of ERA-40, including the representation of the
hydrological cycle, the quality of the stratospheric cir-
culation, and the consistency in time of the reana-
lyzed fields (Dee et al., 2011). We use the pentad pre-
cipitation dataset from the Climate Prediction Cen-
ter Merged Analysis of Precipitation (CMAP; Xie and
Arkin, 1997) provided by the NOAA to compare with
the simulated annual cycle of precipitation over east-
ern China. The CMAP dataset contains precipitation
distributions with a full global coverage and improved
data quality compared to individual data sources (Xie
and Arkin, 1997).
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3. Results

3.1 Model validation

Numerous studies have simulated the features of
aerosols and investigated the impacts of aerosols on
regional and global climate by using CAM5.1 (Gettel-
man et al., 2010; Hu and Liu, 2013; Jiang et al., 2013).
Liu et al. (2012) showed that CAM5.1 is able to quali-
tatively capture the observed geographical and tempo-
ral variation of aerosols, including aerosol mass, num-
ber concentration, size distribution, and aerosol opti-
cal properties. To examine the capability of CAMS5.1
in simulating atmospheric circulation and precipita-
tion fields over East Asia during the SPR period, Fig.
2 compares the simulated March—April mean circula-
tion at 850 hPa and surface precipitation with observa-
tions. The simulated spatial distributions of 850-hPa
wind and surface rainfall are consistent with the obser-
vations. In boreal spring, the southwesterly wind pre-
vails over southern China (south of 30°N) with a heavy
rainfall band (rainfall exceeding 3 mm day~!) extend-
ing from the north side of the subtropical high over the
Pacific Ocean to the east of the Philippines. There is a
flow on the southeast side of the TP due to the topog-
raphy, forming an approximately cyclonic circulation
pattern. Meanwhile, the northwesterly wind prevails
in the mid and high latitudes of East Asia, which co-
nverges with the southwesterly wind over the middle
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Fig. 2. March-April mean winds (vector; m s™') and geopotential height (contour; gpm) at 850 hPa and surface

precipitation (shading; mm day ') from (a) CTRL and (b) observation.



NO.3

and lower reaches of the Yangtze River. However, the
simulated 1500-gpm isoheight at 850 hPa shifts north-
ward in comparison with the observation, together
with the SPR rain belt, leading to an underestimation
of the spring rainfall over the southern coastal regions
of China. Meanwhile, too much precipitation is sim-
ulated over the northwestern part of the Indo-China
Peninsula and southwestern China, due to a westward
shift of the subtropical high and an enhanced south-
westerly in CTRL. Therefore, the spatial distribution
and intensity of simulated precipitation over East Asia
by CAMS5.1 show some systematic errors, as seen in
many other global climate models. In terms of the
SPR, however, CAMS5.1 still well captures the charac-
teristics of atmospheric circulation and precipitation

over eastern China.
3.2 Omnset of the SPR

Figure 3 shows the latitude-time cross-section of
precipitation along 110°-122.5°E. The SPR with pre-
cipitation exceeding 4 mm day~! appears in early
March (pentad 15) when averaged from 1993 to 2007,
and is located between 25° and 30°N over eastern
China. The SPR indicates the seasonal transition of
the East Asian circulation from winter to spring and
the weakening of the East Asian winter monsoon sys-
tem due to the shrunken land-sea thermal contrast,
together with the occurrence of strong southwesterly
wind and the water vapor convergence there. The rain

belt remains until the end of April, but with a rel-
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atively weaker and interrupted heavy rainfall center
(> 6 mm day™1).
ern SCS exceeds 4 mm day ™" in pentad 26, declaring
the onset of the SCSSM and the termination of the
SPR. By contrast, the spring rainfall over 25°-30°N is
slightly overestimated in CAMS5.1, and a northward-

The precipitation over the north-
1

shifted rain belt is present in the model, which is sta-
tionary (Fig. 3b). It is clearly depicted that the spring
rainfall begins in pentad 15 in CTRL with a magni-
tude continuously exceeding 4 mm day~!, which is in
coincidence with the observation.

Based on precipitation and low-level circulation,
Wan et al. (2008b) defined the onset of the SPR as
the first pentad after pentad 7 that satisfies the fol-
lowing criteria: 1) area-averaged precipitation must
be greater than 4 mm day~! over the SPR region (Re-
gion A: 23°-30°N, 110°-120°E); 2) mean southwest-
erly velocity at 850 hPa must be greater than 4 m s~!
over its upstream region (Region B: 20°-25°N, 110°—
115°E); 3) in the subsequent three pentads, at least
one pentad satisfies the above two criteria. Figure 4
shows the temporal evolutions of the aforementioned
precipitation and southwesterly velocity at 850 hPa.
As shown in Fig. 4a, under the influence of anthro-
pogenic aerosols, a decrease in precipitation is obvious
over Region A in pentads 14-15. Therefore, the onset
time of precipitation exceeding 4 mm day !
A is pentad 16 in CTRL, two pentads later than that
in NOAERO. Similarly, the southwesterly velocity

at 850 hPa is weakened over Region B during pentads

in Region
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Fig. 3. Latitude-time cross-sections of precipitation along 110°-122.5°E from (a) CMAP and (b) CTRL (shading; mm
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13-15, showing that the onset of southwesterly veloc-
ity greater than 4 m s=! in CTRL is delayed by three
pentads compared to that in NOAERO (Fig. 4b). As
a result, the SPR is established in pentads 16 and 14
in CTRL and NOAERQO, respectively, meaning a de-
layed onset of the SPR due to anthropogenic aerosols
over eastern China. Moreover, Deng et al. (2014b)
found an advanced onset of the SCSSM induced by
anthropogenic aerosols using CAMS5.1, indicating that
the SPR is established later but also ends earlier with

a shortened duration.
3.3 Precipitation and 850-hPa winds

Figure 5 shows the time series of March—April
mean precipitation over Region A and 850-hPa south-
westerly velocity over Region B. In most years, the
SPR is reduced due to anthropogenic aerosols as a
marked reduction in precipitation by 0.94 mm day~!
and reduced southwesterly velocity by 0.92 m s~!. Fig-
ure 6a shows the mean changes of geopotential height
and wind at 850 hPa in the SPR period. A posi-
tive geopotential height anomaly appears over south-
ern China with a maximum greater than 5 gpm on the
southeast side of the TP, while a negative anomaly
appears over the western Pacific Ocean due to the
weakening of the subtropical high. This positive and
negative geopotential height anomalies form an east—

west dipole pattern. Correspondingly, some anticy-

clonic anomaly flow shows up on the southeast side
of the TP, which weakens the flow there. The north-
easterly wind anomaly dominates southern China, the
northern SCS, and the Indo-China Peninsula, while
obvious northwesterly wind anomaly prevails north of
the Yangtze River. DBesides, there is westerly wind
anomaly over the ocean east of the Philippines. As
a result, the gradient of geopotential height is at-
tenuated between the southeast side of the TP and
the western Pacific Ocean under the effect of anthro-
pogenic aerosols, leading to weakened southwesterly
on the north side of the subtropical high and reduced
northward transport of water vapor from the trop-
ics. Eventually, precipitation over southern China will
be suppressed associated with the circulation change.
To further verify the rainfall change, Fig. 6b gives
the March—April mean rainfall anomaly field. A sig-
nificantly suppressed rain belt is clearly seen over
southeastern China, the East China Sea, and south-
ern Japan, and precipitation drops obviously by more

1

than 2 mm day™" over the middle and lower reaches

of the Yangtze River.
3.4 Understanding the reduced SPR

Aerosols can influence the radiative balance be-
tween land and atmosphere by scattering and absor-

bing solar radiation and long wave radiation, which is
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the direct effect; so the thermal forcing of aerosols is
regarded as an essential way to affecting the climate.
Figure 7a shows the vertical structure of air tempera-
ture difference between CTRL and NOAERO averaged
over eastern China. We can see that the air temper-
ature decreases in the lower and upper troposphere
south of 35°N with an amplitude of 0.4°C, but it in-
creases at 200 hPa. However, anthropogenic aerosols
heat the air below 250 hPa over the mid-high lati-
tudes, with a warming amplitude greater than 1°C in
the mid-lower troposphere. Accordingly, the merid-
ional temperature gradient averaged between 850 and
200 hPa is significantly reduced over southern China,
but enhanced over the region 30°-50°N (solid line in

Fig. 7b). Therefore, this north-south asymmetrical
thermal effect reduces the mean meridional tempera-
ture gradient in spring over East Asia. The thermal

wind relationship is as follows:
R Po 8T
(),
[ pi\Oy/p

where ur is the zonal component of thermal wind,

ur =

po and p; are pressures in the lower and upper tro-
is the meridional

P

temperature gradient averaged between the lower and

oT
posphere, respectively, and (8_)
Y

upper troposphere. It is clear that zonal wind in the

upper troposphere changes with the meridional temp-
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erature gradient, meaning that reduced (enhanced)
meridional temperature gradient results in strength-
ened (weakened) westerly wind in the upper tropo-
As shown in Fig. 7b, the axis of the sub-
tropical westerly jet (dash-dotted line) is located near
30°N in NOAERO. In CTRL, zonal wind (dashed line)
is enhanced south of 30°N and weakened within 30°—

50°N with a minimum near 40°N, suggesting that the

sphere.

westerly jet is weaker and moves southward. There-
fore, the circulation change in the upper troposphere is
indeed the thermal response of atmosphere to anthro-
pogenic aerosols, associated with the out-of-phase re-
lationship between upper-layer zonal wind and merid-
ional temperature gradient between the upper and
lower troposphere. Meanwhile, air mass is accumu-
lated over southern China due to aerosols’ cooling ef-
fect, which explains the increase in 850-hPa geopoten-
tial height and northeasterly wind anomaly there (Fig.
6a). Eventually, the southwesterly on the north side
of the subtropical high is weakened. Besides, 500-hPa
geopotential height decreases over the western equato-
rial Pacific Ocean, the SCS, and the East Asian Conti-
nent, yielding a southward displacement of the weaker

subtropical high (figure omitted). Zhang Jie et al.

(2009) suggested that the main moisture of the SPR
comes from the western equatorial Pacific Ocean and
both the subtropical high and the upper-level westerly
jet move northward to their normal positions. Thus,
after considering the effect of anthropogenic aerosols,
circulation change provides adverse conditions for the
maintenance of the SPR.

To further reveal the relationship between circu-
lation change and precipitation anomaly, Fig. 8 shows
the differences of wind divergence and vertical merid-
ional circulation. Because of the weakened southwest-
erly over southern China (Fig. 6a), a positive diver-
gence anomaly (solid line in Fig. 8a) occurs at 850
hPa over 25°-35°N. Meanwhile, a significant negative
anomaly (dashed line in Fig. 8a) is found in the up-
per troposphere south of the Yangtze River due to the
weaker and southward-shifted upper-level westerly jet.
Both divergence anomaly centers in the lower and up-
per troposphere are near the axis of the westerly jet
(30°N). This aerosol-induced circulation results in a
significant anomalous downward motion over south-
ern China through weakening the pumping below the
axis of the westerly jet (Fig. 8b), acting to suppress
the spring precipitation there. However, the fact that



NO.3
3.0
1@ 850 hPa
R 200 hPa
= 2.0
L i
Z 1.0
c — AR ,
o PO / \
2 0.0 A , A,
k] 1~ \ \ ' v
R VY B I
= 4 N . ’
® 10 \ !
= —1.0 7 ° |
a 1 \i\ I
i v
2.0 ’
-3.0 T T T T T
10 20 30 40 50
Fig. 8.

and (b) meridional circulation differences (vectors; meridional wind in m s~

DENG Jiechun, XU Haiming, MA Hongyun, et al.

60°N

349

100 -

(b) 4,
150 4 > 2o >N Y f b bbb iaad
200 — > s—s—s> > > ;»\‘L/ ot ]

250 N > ) -, )

i

E 300 > > > > <t i tt—ee]

=

00

[}

400 s m s X{ . A
5007,”>>,\L/ A//<<“/<.<_W—<.¢@¢
700 - N - < <4%%(<\WN«<««&
850*\***‘“*@ %4—1///«\\< e

e« e NPPPE =
1000 IERES — Vb %
10 20 30 40 50 60°N

March-April mean (a) divergence differences (107° s7') at 850 hPa (solid line) and 200 hPa (dashed line)

1. vertical pressure velocity in 0.2 hPa s™')

between CTRL and NOAERO along 110°-122.5°E. Shaded areas and black dots represent statistically significant changes

at the 90% confidence level.

the condensation latent heating decreases due to a
weaker upward motion (figure omitted) will further de-
crease the meridional temperature gradient by cooling
the air in the low latitudes, forming a positive feedback
mechanism. Therefore, the response of air tempera-
ture to anthropogenic aerosols is determined by the
radiative forcing of the aerosols and the positive feed-
back involved, and the thermal effect of anthropogenic
aerosols is very likely to cause a primary perturbation
for the adjustments of air temperature and circulation.

In addition, aerosols can serve as cloud condensa-
tion nuclei (CCN), and thus change the cloud droplet
effective radius (Res), giving rise to higher cloud
albedo (Twomey, 1997) and reducing precipitation ef-
ficiency due to longer cloud lifetime (Albrecht, 1989).
This is the so-called indirect effect. Numerous stud-
ies have verified the impact of anthropogenic aerosols
on the micro-properties of clouds through in-cloud
droplet number concentration (CDNC) (Han et al.,
1994; Wetzel and Stowe, 1999; Pwlowska and Bren-
guier, 2000; Bréon et al., 2002).
the effect of anthropogenic aerosols, the aerosol op-
tical depth increases markedly by 0.09 over the SPR
region, together with CCN at supersaturation of 0.1%
(CCNp 1) by 219.9 em™2 at 850 hPa (158.1%; Table

After considering

1). Figure 9 shows the changes of CDNC and R.g at
850 hPa. With the increase in CCNg ; induced by an-
thropogenic aerosols, CDNC rises in southern China
(Fig. 9a), especially in the SPR region by a ratio of
48.6%. The reduction of Reg is clear in the SPR region
(-13.5%) (Fig.

coalescence of the cloud droplets and precipitation

9b and Table 1), suppressing the

there. As a result, the indirect effect of anthropogenic
aerosols plays an important role in reducing the SPR.
However, it is noted that the impact of aerosols on

precipitation is a complex matter, and it is difficult to

Table 1. March—April mean absolute and percentage
changes of aerosol optical depth (AOD) at 550-nm
wavelength, cloud condensation nuclei number con-
centration at supersaturation of 0.1% (CCNpg.1), in-
cloud droplet number concentration (CDNC), and
cloud droplet effective radius (Res) at 850 hPa due to

anthropogenic aerosols averaged over the SPR region

March—April mean

Parameter (absolute change)
AOD 0.09 (51.1%)
CCNp.1 (cm™3) 219.9 (158.1%)
CDNC (cm™3) 38.5 (48.6%)
Regr (pm) -0.5 (-13.5%)

Note: Italic and bold fonts represent values statistically signifi-

cant at the 95% and 99% confidence levels, respectively.
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Fig. 9. March—April mean changes of (a) cloud droplet number concentration and (b) cloud droplet effective radius at

850 hPa (CTRL minus NOAERO). Contour intervals are 10 cm™* and 0.2 um, respectively, with negative values given

by dashed contours. Shaded areas represent statistically significant changes at the 90% confidence level.

find the exact relationship between CCN and rainfall.
Nonlinearity between in-cloud microphysical parame-
ters and surface rainfall remains uncertain. Further-
more, the cloud-aerosol interaction is also influenced
by the background circulation, such as atmospheric
stability and wind shear (Yang et al., 2011).

In general, the thermal forcing associated with an-
thropogenic aerosols induces circulation changes over
East Asia. On the other hand, the indirect effect of
anthropogenic aerosols has a great impact on clouds
in southern China. Both effects of the aerosol forc-
ing suppress the SPR, which could be summarized as
follows. Under the impact of anthropogenic aerosols,
the decrease in air temperature leads to increased 850-
hPa geopotential height in the low latitudes over East
Asia, reducing the geopotential gradient between the
south side of the TP and the western Pacific Ocean
and weakening the southwesterly on the north side of
the subtropical high in the lower troposphere, together
with convergence in southern China. In comparison,
a marked increase in air temperature is found in the
mid-high latitudes, which reduces the meridional tem-
perature gradient between the upper and lower tro-
posphere. The upper-level westerly jet is weaker and
shifts southward, giving rise to reduced convergence
in the upper troposphere. This anomalous circula-
tion leads to weakened upward motion and suppressed
spring rainfall with a shortened duration. Moreover,
in the SPR region, 850-hPa CDNC increases due to
anthropogenic aerosols acting as CCN, leading to a

decrease in Reg. As a result, the SPR is also sup-
pressed by reduced coalescence of cloud droplets.

Hu and Liu (2013) noted that anthropogenic
aerosols affected the decadal change of late spring
precipitation in South China during 1950-2000. The
mechanism of aerosols affecting spring rainfall by ad-
justment of circulation in East Asia is in coincidence
with our results. Therefore, our results confirm the
crucial role of anthropogenic aerosols in spring climate
change in East Asia. However, the SPR usually occurs
in early spring (March-mid April), with pre-rainy sea-
son in southern China in late spring (late April-May).
Although both rainfall periods are considered spring
precipitation in southern China, the features of pre-
cipitation and the intensity of circulation are different
for these periods. Thus, further studies are needed to
investigate the effect of anthropogenic aerosols during
different spring precipitation periods.

4. Conclusions and discussion

Based on a high-resolution model of CAMS5.1, the
impact of anthropogenic aerosols on the SPR over
eastern China is investigated in this study. The re-
sults are as follows.

(1) The SPR is established two pentads later due
to anthropogenic aerosols, together with a shortened
duration and reduced precipitation amount.

(2) Under the influence of anthropogenic aerosols,
a significant decrease in air temperature leads to an
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increase in 850-hPa geopotential height in the low
latitudes over East Asia, reducing the geopotential
gradient between the south side of the TP and the
western Pacific Ocean and weakening the southwest-
erly on the north side of the subtropical high in the
lower troposphere, together with convergence over
southern China. In comparison, a marked increase
in air temperature is found in the mid-high latitudes.
This north-south asymmetrical thermal effect acts to
reduce the meridional temperature gradient so the
upper-level westerly jet is weaker and shifts south-
ward, giving rise to reduced convergence in the upper
troposphere. As a result, the SPR is suppressed with
a shortened duration.

(3) The indirect effect of anthropogenic aerosols
also plays an important role in reducing the SPR.
CDNC in the lower troposphere is increased by
aerosols acting as CCN in the SPR region, leading
to an evident decrease in Rqg. As a result, the SPR
is further suppressed due to reduced coalescence of
cloud droplets.

In this study, we only explored the effect of an-
thropogenic aerosols on the SPR over eastern China,
though remote aerosols could also enhance the im-
pact of local aerosols in the monsoon region (Cowan
and Cai, 2011). Furthermore, because of the SST re-
sponse to aerosol forcing, the influence of aerosols on
precipitation presented in the air-sea coupled model
differs from that in the atmosphere model driven by
prescribed SST (Chung et al., 2002; Wang et al., 2005;
Lau and Kim, 2006a). Our future studies will use a
fully coupled model including the SST response to
aerosol forcing to better understand the impact of an-
thropogenic aerosols on spring climate in East Asia.
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