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Abstract Because industrial emissions of anthropogenic aerosols over East Asia have greatly increased
in recent decades, the interactions between atmospheric aerosols and the East Asian summer monsoon
(EASM) have attracted enormous attention. To further understand the aerosol-EASM interaction, we
investigate the impacts of anthropogenic aerosols on the EASM during the multidecadal strong
(1950-1977) and weak (1978-2000) EASM stages using the Community Atmospheric Model 5.1. Numerical
experiments are conducted for the whole period, including the two different EASM stages, with

present day (PD, year 2000) and preindustrial (Pl, year 1850) aerosol emissions, as well as the observed
time-varying aerosol emissions. A comparison of the results from PD and Pl shows that, with the increase in
anthropogenic aerosols, the large-scale EASM intensity is weakened to a greater degree (—9.8%) during the
weak EASM stage compared with the strong EASM stage (—4.4%). The increased anthropogenic aerosols
also result in a significant reduction in precipitation over North China during the weak EASM stage, as
opposed to a statistically insignificant change during the strong EASM stage. Because of greater aerosol
loading and the larger sensitivity of the climate system during weak EASM stages, the aerosol effects are
more significant during these EASM stages. These results suggest that anthropogenic aerosols from the
same aerosol emissions have distinct effects on the EASM and the associated precipitation between the
multidecadal weak and strong EASM stages.

1. Introduction

In recent decades, industrial emissions of aerosols over East Asia have greatly increased in association with
rapid economic growth and industrialization [Nakajima et al., 2007; Zhang et al., 2012]. Interactions between
atmospheric aerosols and the East Asian monsoon have garnered attention in the form of observational [Lau
etal.,,2008; Lietal.,2011; Liuetal., 2011a] and numerical [Menon et al., 2002; Zhu et al., 2012b] studies because of
the persistent concern over environmental and climate problems, such as worsening air quality and increasing
drought and flood disasters across East Asia.

It is well known that atmospheric aerosols have a direct impact on the local and global radiation balance by
scattering and absorbing solar and infrared radiation in the atmosphere. Atmospheric aerosols, serving as
cloud condensation nuclei or ice nuclei, can indirectly affect cloud albedo [Twomey, 1977], as well as precipi-
tation processes and cloud lifetime [Albrecht, 1989; Ramanathan et al., 2001]. With increased aerosol loading
over Asia in recent decades, the climatic effects of atmospheric aerosols on Asian summer monsoon systems
and regional precipitation have been of increasing research interest [Lau et al., 2008]. There is evidence that
aerosol-induced circulation changes have affected rainfall in South Asia [Meehl et al., 2008; Bollasina et al.,
2011]. For East Asia, a number of studies have reported that the abundant aerosols can affect the atmospheric
circulation and precipitation of the East Asian summer monsoon (EASM) in global or regional climate mod-
els. For example, Menon et al. [2002] found that increased rainfall in the middle and lower reaches of the
Yangtze River and droughts in North China might result from increased black carbon aerosols. Liu et al. [2011b]
explored the aerosol effects on the EASM using the Community Atmospheric Model 3.5 (CAM3.5) model and
found a prominent rainfall decline over eastern China and weakening EASM due to the effect of anthropogenic
aerosols. Similar results were also reported by Jiang et al. [2013] for the CAM5 model, Wang et al. [2015a] for 10
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Coupled Model Intercomparison Project Phase 5 model results with prescribed SST, and Wang et al. [2015b]
for an online coupled regional climate-chemistry model, confirming the notion of a weakened EASM, as well
as decreased precipitation in eastern China, in response to an increased amount of anthropogenic aerosols.
Based on simulations of coupled ocean-atmosphere models, Song et al. [2014] also noted that the aerosol
forcing plays a primary role in the EASM weakening in comparison with natural forcing and greenhouse gas
forcing during 1958-2001. These studies have all shown that anthropogenic aerosols can weaken the EASM
and change the associated summer precipitation over eastern China.

The EASM is known to exhibit interdecadal variation with strong and weak stages that are associated with
distinct climatic characteristics. A transition from strong to weak EASM occurred in the late 1970s; since then
the EASM has been characterized by weakening of the 850 hPa southwesterly winds, a southward shift of the
200 hPa jet stream, and an increase in the sea level pressure over East Asia, as well as South China flood and
North China drought [e.g., Hu, 1997; Wang, 2001; Gong and Ho, 2002; Wang and Ding, 2006; Zhou et al., 2009].
Several mechanisms for the EASM weakening in the late 1970s have been proposed, including the change of
sea surface temperature [Hu, 1997; Gong and Ho, 2002; Zhou et al., 2009], global warming [Zhu et al., 2012a],
aerosol forcing [Menon et al., 2002; Liu et al., 201 1b], and other factors [Xiao and Li, 2007; Ding et al., 2008; Feng
etal., 2011].

Although the potential effects of increased aerosols on the EASM and the associated precipitation have been
investigated with different types of models [e.g., Liu et al., 2011b; Jiang et al., 2013; Song et al., 2014; Wang
et al., 2015a, 2015b], previous studies have not compared and examined the differences in aerosol effects
between strong and weak EASM stages. Hence, one question remains unanswered: Are there any differences
in the effects of anthropogenic aerosols on the EASM and the associated clouds and precipitation between
the multidecadal weak and strong EASM stages? Addressing this question is the primary purpose of this paper,
which can advance a deeper understanding of aerosol-EASM interaction.

The organization of the rest of the paper is as follows. Section 2 describes the key features of the CAM5.1 model
and the simulation setups. In section 3, the model performance is also evaluated against observations and
reanalysis, with focus on the model ability to simulate the strong and weak EASM stages during 1950-2000.
Furthermore, it also presents the results of aerosol effects on EASM, precipitation, cloud properties, and radia-
tive flux during the strong and weak EASM stages and examines the corresponding differences between the
two different EASM stages. The discussion and conclusions are summarized in sections 4 and 5, respectively.

2. Model Description and Experiment Setup

This study uses version 5.1 of the Community Atmosphere Model (CAM5.1), which is the atmospheric com-
ponent of the Community Earth System Model (CESM 1.0.3) [Neale et al., 2010]. We ran CAM5.1 with the
finite-volume dynamical core with a horizontal resolution of 1.9° at latitude and 2.5° at longitude and with 30
levels from the surface to 2 hPa. All the CAM5.1 simulations were run for the years 1950-2000 and constrained
with the observed SST, sea ice concentrations, and atmospheric forcings (greenhouse gases (GHGs), tropo-
spheric and stratospheric ozone, and solar irradiance) during this period. The SST and sea ice extent were from
amerged version of the HadISST (Hadley Centre Sea Ice and Sea Surface Temperature) [Rayner et al., 2003] and
the optimum interpolation SST data sets described by Hurrell et al. [2008]. A complete set of physics packages
was selected to allow for effective investigation of the direct, semidirect, and indirect effects of aerosols [Ghan
etal., 2012; Ghan, 2013]. Briefly, a three-mode modal aerosol scheme (MAM3) was implemented in the model
to simulate internal mixtures of sulfate, primary organic matter (POM), black carbon (BC), dust, and sea salt
[Liuetal.,2012b]. This MAM3 scheme has been shown to capture the seasonal and spatial variations in aerosol
optical depth (AOD) over East Asia when compared with the satellite observations [Liu et al., 2012b], although
the modeled AOD is lower than observations at urban sites. The CAM5.1 model contains a detailed treatment
of stratiform cloud microphysics processes and aerosol indirect effects by coupling the MAM3 scheme to a
two-moment bulk cloud microphysics scheme [Morrison and Gettelman, 2008] with comprehensive descrip-
tions of droplet activation and ice nucleation of cloud droplets [Gettelman et al., 2010]. The shortwave and
longwave radiative transfers are based on the Rapid Radiative Transfer Model for general circulation models,
known as RRTMG [lacono et al., 2008].

A total of three different experiments are carried out for the years 1950-2000, with the sole difference being
the treatment of aerosols and precursor gas emissions. The control (CTL) experiment uses the observed
time-varying aerosol and precursor gas emission data set from the Intergovernmental Panel on Climate
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Table 1. Description of the Numerical Experiments in Our Study

Experiment Simulated Time SST and GHGs Aerosol Emissions
CTL 1950-2000 historical SST and GHGs AR5 1850-2005
PD 1950-2000 historical SST and GHGs Fixed AR5 2000
Pl 1950-2000 historical SST and GHGs Fixed AR5 1850

Change AR5 aerosol emission data set [Lamarque et al., 2010]. In the other two experiments, the aerosol and
precursor gas emissions are fixed for the whole simulation period: the present day (PD) experiment uses the
emissions of 2000 and the preindustrial (Pl) experiment uses the emissions of 1850. The key characteristics of
the three numerical experiments are summarized in Table 1 for convenience. The results of the CTL experi-
ment are used to evaluate the model performance with the observational data. Differences between the PD
and Pl experiments are used to gauge the effect of the anthropogenic aerosols. According to Ding et al. [2008],
the EASM experienced a strong EASM stage from 1950 to 1977 and a weak EASM stage from 1978 to 2000.
The simulations of the three experiments during the two EASM stages are used to examine the differences
between the strong and weak EASM stages.

3. Model Results

3.1. Evaluation of the CAM5.1 Model

It is well known that the southerly monsoonal wind in the lower troposphere is dominant over eastern
China in summer, which brings water vapor to this region from the Pacific and Indian Oceans, and is directly
related to summer precipitation over eastern China. Additionally, the aerosol distribution in seasonal orannual
means is mainly affected by the low-level meridional circulation over eastern China [Liu et al., 2011a; Yan
etal, 2011; Zhu et al., 2012b]. Hence, we use the averaged summer meridional wind at 850 hPa over eastern
China (105°E-122.5°E and 20°N-45°N) as an EASM index to directly measure the large-scale EASM intensity.
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Figure 1. (a) Time series of the normalized EASM index (EASMI) during 1950-2000 for (b) the model, (c) the NCEP/NCAR,
and (d) ERA-40 reanalyses. The green lines (Figures 1b-1d) are the average values of the EASMI at 1950-1977 (strong)
and 1978-2000 (weak) stages.
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Figure 2. Summer mean 850 hPa winds (1950-2000) and the difference between the weak (P2) and strong (P1) EASM
stages from (a, b) the model, (c, d) the NCEP/NCAR reanalysis, and (e, f) the ERA-40 reanalysis. The grey-shaded area
represents the grid points where the changes pass the two-tailed t test at the 5% significance level, and the
yellow-shaded area indicates the plateau above 2000 m.

The same or similar indices have been widely used to examine the modern and past changes in the East Asian
monsoon [e.g., Wang et al., 2008; Jiang and Lang, 2010]. Figure 1a compares the time series of the normalized
EASM index derived from the CTL experiment, the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) and ERA-40 reanalyses. The results indicate that the CAM5.1
model poorly reproduces the interannual variation of the EASM compared with the NCEP/NCAR and ERA-40
reanalyses, especially in the weak EASM stage (with correlation coefficients of 0.39 and 0.15 for the whole
period, 0.38 and 0.20 for the strong EASM stage, and —0.07 and —0.06 for the weak EASM stage, respectively).
Additionally, it is emphasized that, compared to the interannual variation in the EASM, this model can better
simulate the two different EASM stages in 1950-1977 (P1, strong) and 1978-2000 (P2, weak) (Figure 1b).
Note that the model yields similar magnitudes of change from the strong to weak EASM stages compared
with those based on the ERA-40 reanalysis (Figure 1d), but weaker magnitudes compared to the NCEP/NCAR
reanalysis (Figure 1c).

Figure 2 further compares the summer mean 850 hPa winds of 1950-2000 (left column) and the corre-
sponding difference between the weak (1978-2000) and strong EASM stages (1950-1977) (right column)
from CAM5.1 (Figures 2a and 2b), the NCEP/NCAR reanalysis (Figures 2c and 2d), and the ERA-40 reanaly-
sis (Figures 2e and 2f). Figures 2a, 2¢, and 2e show that CAM5.1 and the two reanalyses all exhibit southerly
monsoonal wind over eastern China. Figures 2b, 2d, and 2f show that the differences between the strong
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Figure 3. Differences in summer AOD between PD and PI for the (a) strong and (b) weak EASM stages labeled P1 and
P2, respectively. The dots represent the grid points where the changes pass the two-tailed t test at the 5% significance
level. The box indicates the North China region defined in this study (33-45°N, 105-122.5°E).

and weak EASM stages in CAM5.1 and the two reanalyses all exhibit an anomalous northerly wind, suggest-
ing that the southerly monsoonal wind in eastern China is weakened from the strong to weak EASM stages.
The model yields weaker anomalous northerly winds over eastern China between the weak and strong EASM
stages compared to these two reanalyses. Additionally, the model also displays a low-level anomalous anti-
cyclonic circulation over the western North Pacific, whereas this is not evident in the NCEP/NCAR and ERA-40
reanalyses. It is noteworthy that the NCEP/NCAR reanalysis displays a much stronger anomalous northerly
wind between the two EASM stages compared with the ERA-40 reanalysis, likely because of its questionable
data quality before the 1970s over the region [Wu et al., 2005].

Our analysis also shows that the CAM5.1 model reasonably reproduces the land-sea difference in sea level
pressure, the distributions of zonal winds at the 200 hPa level, and the southerly winds bringing moisture
from the oceans at the 850 hPa level for June—August (summer) for the climatological mean of 1950-2000
(Figure S1in the supporting information). However, the sea level pressure over the western Pacific shows that
the intensity of the western Pacific subtropical high (WPSH) in the middle and lower troposphere is stronger
and that it shifts northward in comparison with the NCEP/NCAR and ERA-40 reanalyses, which is similar to
different versions of the CAM model [Chen et al., 2010; Li et al., 2010]. Hence, our results suggest that the
CAMS5.1 model can capture the main climate features of the EASM circulation, except the intensity and position
of the WPSH, as revealed by the reanalyses. For the simulated precipitation, the CAM5.1 model can capture
the heavy rainfall over India and the rainfall decrease from the southeast coast to the northwest inland areas
of East Asia (Figure S2). The model overestimates the precipitation over North China and underestimates the
precipitation over South China due to the bias of the intensity and position of the WPSH [Chen et al., 2010; Li
etal., 2010]. The results are similar to previous studies using different versions of the CAM model [Chen et al.,
2010; Liu et al., 2011b; Jiang et al., 2013]. Additionally, it is noted that the CAM5.1 model cannot reproduce the
spatial pattern of South China flood and North China drought between the weak and strong EASM stages in
the observations, demonstrating that the simulation of precipitation over East Asia (especially eastern China)
still requires improvement, similar to the earlier version of the CAM model [Li et al., 2010].

The above results of comparison between the model, the NCEP/NCAR, and ERA-40 reanalyses indicate that
despite the detailed differences, the CAM5.1 model captures the main EASM features and can be used to
examine the various aerosol effects and their differences between strong and weak EASM stages. The dis-
agreement may be related to the fact that the CAM5.1 model underestimates AOD over Asia by more than
50% compared with satellite observations [Liu et al., 2012b]. The AOD underestimation is probably due to the
underestimation of anthropogenic aerosol emissions after the end of the 1970s. It is expected that more accu-
rate anthropogenic emissions may increase AOD after the 1970s, weaken the EASM more, and enhance the
magnitude of change from strong to weak EASM stages in the CTL experiment.

3.2. Increase in Anthropogenic Aerosols

Figure 3 shows the difference in AOD at 550 nm wavelength between PD and Pl in summer during the strong
and weak EASM stages. This AOD difference can be used as a measure of the anthropogenic AOD, i.e., AOD
related to anthropogenic emissions. Here eastern China is defined as the region from 105°E to 122.5°E and
from 20°N to 45°N, with North China (105°E-122.5°E and 33°N-45°N) being a subregion of eastern China.
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Table 2. Summer AOD, Total Anthropogenic Aerosol Column Burden (AB, mg m~2) and Sulfate, BC and POM Column
Burden for PD and PI, and Their Differences (PD — Pl), Based On Spatially Averaged Values for Eastern China and North
China in the Strong (P1) and Weak (P2) EASM Stages

PD(P1) PI(P1) Diff(P1) PD(P2) PI(P2) Diff(P2)

AOD (Eastern China) 0.223 0.123 0.100 0.234 0.121 0.113
AB (Sulfate + BC + POM) (Eastern China) 17.47 1.97 15.50 18.58 1.99 16.59
AB (Sulfate) (Eastern China) 12.81 0.79 12.02 13.83 0.81 13.02
AB (BC) (Eastern China) 1.07 0.14 0.93 1.08 0.14 0.94
AB (POM) (Eastern China) 3.59 1.04 2.55 3.67 1.04 2.63
AOD (North China) 0.299 0.183 0.116 0.315 0.178 0.137
AB (Sulfate + BC + POM) (North China) 20.83 247 18.36 22.37 247 19.90
AB (Sulfate) (North China) 15.24 0.84 14.40 16.58 0.85 15.73
AB (BC) (North China) 1.24 0.18 1.06 1.27 0.18 1.09
AB (POM) (North China) 435 1.45 2.90 4.52 1.44 3.08

Itis evident that most anthropogenic AODs are greater than 0.06 over eastern China due to the large increases
in emissions associated with the rapid economic development in recent decades. The anthropogenic AOD is
even higherin North China (reaching 0.12 or higher). A comparison further shows that the anthropogenic AOD
during the weak EASM stage is higher than that during the strong EASM stage, with the corresponding domain
averages being 0.113 and 0.100 over eastern China and 0.137 and 0.113 over North China, respectively. Sim-
ilarly, the total column burden of anthropogenic aerosols and the sulfate, BC and POM column burden are
also higher during the weak EASM stage than that during the strong EASM stage over eastern China and over
North China. The results are summarized in Table 2 for convenience. Our results suggest that for the same
anthropogenic emissions, the AOD and the column burden of anthropogenic aerosols over eastern China
(especially over North China) can be significantly higher in the weak EASM stage than in the strong EASM
stage. The discrepancy in aerosol properties between the different EASM stages likely arises from the fact that
the weak (strong) southerly wind during the weak (strong) EASM stage reduces (enhances) aerosol northward
transport, which redistributes aerosols over eastern China, reaches outside this region, and causes aerosols
to converge (diverge) over eastern China in Figure S3. The different aerosol properties are also expected to
cause differences in various aerosol effects detailed below.

3.3. Aerosol-Induced EASM Weakening

As noted above, the southerly monsoonal wind in the lower troposphere dominates eastern China in the
summer, bringing moisture to this region from the Pacific and Indian Oceans. Hence, we use the averaged
summer meridional wind at 850 hPa within eastern China (105°E-122.5°E and 20°N-45°N) during the strong
and weak EASM stages to directly measure the large-scale EASM intensity. Figure 4 compares the difference
in the summer 850 hPa wind field between PD and Pl during the strong (Figure 4a) and weak (Figure 4b)
EASM stages. Here the red-shaded areas with green dots represent the grid points where the changes pass
the two-tailed t test at the 5% significance level. Three points are evident from this figure. First, the southerly

(a) Diff in 850hpa wind for P1 (b) Diff in 850hpa wind for P2
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Figure 4. Differences in the summer 850 hPa wind field (m s~') between PD and P! for the (a) strong and (b) weak EASM
stages labeled P1 and P2, respectively. The red-shaded regions with green dots represent the grid points where the
changes pass the two-tailed t test at the 5% significance level. The yellow-contoured area indicates the plateau above
2000 m.
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Table 3. Large-Scale EASM Intensity (V) and the Total Precipitation (Prect) in Summer Over North China for PD, Pl, Their
Difference (PD — PI), and Their Percentage Change ((PD — PI)/Pl x 100%) in the Strong (P1) and Weak (P2) EASM Stages

V(ms™) Prect (mm d~")
P1 P2 P1 P2
PD 3.66 342 523 4.97
Pl 3.83 3.79 5.13 5.59
Change -0.17 -0.37 0.10 -0.62
Percentage change —4.4% —9.8% 1.9% —-11.1%

winds over eastern China in the PD simulation are weaker than those in the PI simulation during the two
different EASM stages, suggesting EASM weakening caused by anthropogenic aerosols. Second, it can be seen
that the large-scale EASM intensity is weakened more significantly (—0.37 m s~') by anthropogenic aerosols
during the weak EASM stage than that (—0.17 m s~') during the strong EASM stage (Table 3). The percentage
change in the large-scale EASM intensity also shows a larger reducing magnitude (—9.8%) during the weak
EASM stage and a smaller reducing magnitude (—4.4%) during the strong EASM stage. Finally, the area of the
aerosol-weakened monsoon that passes the two-tailed t test at the 5% significance level is much larger (by a
factor of 2) in the weak EASM stage than in the strong EASM stage.

Figure 5 compares the PD-PI differences in the surface temperature and sea level pressure during the strong
and weak EASM stages. It is evident that anthropogenic aerosols result in a decrease in surface temperature
and an increase in sea level pressure over eastern China during both EASM stages. The decrease in surface
temperature and increase in sea level pressure over continental eastern China further lead to a reduction in
the land-sea thermal and pressure gradients, suppressing water vapor transport from the ocean into eastern
China and weakening the EASM. These results are consistent with the findings of Liu et al. [2011b], Jiang et al.
[2013], Wang et al. [2015a], and Wang et al. [2015b].
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Figure 5. Differences in the (a, b) surface temperature (°C) and (c, d) sea level pressure (hPa) in summer between PD and
Pl for the strong (Figures 5a and 5¢) and weak (Figures 5b and 5d) EASM stages labeled P1 and P2, respectively. The dots
represent the grid points where the changes pass the two-tailed t test at the 5% significance level.

XIEET AL. EFFECTS OF AEROSOLS ON EASM 7032



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2015JD024228

Table 4. Surface Temperature (TS), Sea Level Pressure (SLP), Shortwave (SW) and Longwave (LW) Radiative Fluxes, As
Well As the Total Radiative Fluxes (SW + LW) for Clear-Sky and Cloudy-Sky Conditions at the Surface in Summer for PD, PI,
and Their Difference (PD — PI) Over Eastern China in the Strong (P1) and Weak (P2) EASM Stages

PD(P1) PI(P1) Diff(P1) PD(P2) PI(P2) Diff(P2)
TS (°Q) 25.35 25.74 -0.39 25.74 26.18 —-0.44
SLP (hPa) 1005.28 1005.12 0.16 1004.99 1004.7 0.30
Clear-sky SW (surface, W m~2) 280.62 288.86 —-8.23 278.68 287.56 —8.88
Clear-sky LW (surface, W m=2) —63.12 —64.70 1.57 —62.38 —62.98 0.60
Clear-sky SW + LW (surface, W m~2) 217.50 224.16 —6.66 216.30 224.58 —-8.28
Cloudy-sky SW (surface, W m~2) —98.69 -91.20 —7.49 —-96.17 —-91.27 —-4.90
Cloudy-sky LW (surface, W m=2) 18.55 17.49 1.06 17.50 16.97 0.53
Cloudy-sky SW + LW (surface, W m~2) —-80.15 —-73.71 —6.44 —78.66 —74.30 —4.36

Also evident in Figure 5are the striking differences in the aerosol-induced changes in surface temperature and
sea level pressure between the weak and strong EASM stages. During the weak EASM stage, the changes in
surface temperature and sea level pressure are more significant compared to those during the strong EASM
stage. This can be seen more clearly in Table 4, which shows that the average surface temperature decreases
by —0.44°C during the weak EASM stage and by —0.39°C during the strong EASM stage; the average sea level
pressure increases by 0.30 hPa during the weak EASM stage and by 0.16 hPa during the strong EASM stage.
Furthermore, the locations of changes are different: during the weak EASM stage, the changes are centered
over eastern China, whereas the corresponding changes are located over the northern part of North China
during the strong EASM stage. These changes and their differences between the two EASM stages are likely
related to the changes in the radiative flux caused by aerosols (see section 3.5). These results collectively sug-
gest that for the same increase in anthropogenic aerosol emissions, the EASM is weakened more when it is
weaker. Two mechanisms may be responsible for the distinct effects of anthropogenic aerosols on the EASM
between the strong and weak EASM stages. First, in the weak EASM stage, higher anthropogenic AOD can
lead to lower surface temperatures and higher sea level pressures through aerosol direct and indirect radia-
tive forcing, which further weakens the EASM. These results can also be seen in changes in cloud properties
and radiative flux by anthropogenic aerosols discussed in section 3.5. Second, as will be discussed later in
section 3.6, during the weak EASM stage, the climate system is more sensitive to external forcings; hence, the
same forcing of anthropogenic aerosols can result in a larger reduction in the large-scale EASM intensity.

3.4. Aerosol-Induced Precipitation Change

Figure 6 shows the changes in total precipitation (including convective and large-scale precipitation) caused
by anthropogenic aerosols for the two EASM stages. It is interesting to note that precipitation is suppressed
by the anthropogenic aerosols over South China, Southwest China, and the Indo-China Peninsula, whereas
precipitation is enhanced over the South China Sea and the western Pacific Ocean during both the weak and
strong EASM stages. Although these general patterns of change in precipitation between PD and Pl are very

(a) Diff in surface precipitation for P1 (b) Diff in surface precipitation for P2
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Figure 6. Differences in summer surface precipitation (shading; mm d=") between PD and PI for the (a) strong and (b)
weak EASM stages labeled P1 and P2, respectively. The dots represent the grid points where the changes pass the
two-tailed t test at the 5% significance level. The box indicates the North China region defined in this study.
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(a) Diff in water vapor flux for P1

(b) Diff in water vapor flux for P2
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Figure 7. Differences in the (a, b) summer water vapor transport (g (hPa m s)~1) at 850 hPa between PD and PI for the
strong (Figure 7a) and weak (Figure 7b) EASM stages labeled P1 and P2, respectively. Shading: absolute value of water
vapor transport at each grid. Differences in the summer (c, d) specific humidity (g kg~") at 850 hPa between PD and PI
for the strong (Figure 7¢c) and weak (Figure 7d) EASM stages. The dots represent the grid points where the changes pass
the two-tailed t test at the 5% significance level. The box indicates the North China region defined in this study, and the

yellow-co

ntoured area indicates the plateau above 2000 m.

similar for these two different EASM stages, there are distinct differences between the weak and strong EASM
stages in North China. On average, the precipitation during the weak EASM stage is reduced significantly by a
magnitude of —0.62 mm d~ (or —11.1%) whereas the precipitation in the strong EASM stage is insignificantly
enhanced by anthropogenic aerosols (by 0.10 mm d~' or 1.9%) (Table 3).

To explore the possible mechanisms underlying the difference in precipitation changes in North China, we
examine the change in the summer water vapor transport and specific humidity between PD and Pl in the

(a) Diff in vertical velocity for P1

(b) Diff in vertical velocity for P2
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Figure 8. Differences in the summer vertical velocity (0.01 x Pa s~') at the 850 hPa level between PD and Pl for the (a)
strong and (b) weak EASM stages labeled P1 and P2, respectively. The dots represent the grid points where the changes
pass the two-tailed t test at the 5% significance level. The box indicates the North China region defined in this study,
and the yellow-contoured area indicates the plateau above 2000 m.
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Table 5. Descriptive Statistics of the 850 hPa Water Vapor Flux and Flux Convergence, 850 hPa Specific Humidity, Total
Precipitation Water, and 850 hPa Vertical Velocity in Summer for PD, Pl, and Their Difference (PD — PI), Based On Spatially
Averaged Values for North China in the Strong (P1) and Weak (P2) EASM Stages

PD(P1) PI(P1) Diff(P1) PD(P2) PI(P2) Diff(P2)
Water vapor flux (g (hPa m s 36.96 37.71 -0.75 35.41 38.59 -3.18
Water flux convergence (10~ g (hPa m?2 s)~1) —1.40 —1.41 0.01 —-1.20 —-1.62 0.42
Specific humidity (g kg™") 11.68 11.64 0.04 11.64 12.01 -0.37
Precipitation water (kg m—2) 34.96 34.65 0.31 34.73 35.87 -1.13
Vertical velocity (0.01 x Pa 0] -2.02 -1.83 -0.19 —1.65 -1.97 0.33

different EASM stages (Figure 7). It is clear that the water vapor flux is reduced in North China due to the
aerosol-induced EASM weakening during both the weak and strong EASM stages. During the weak EASM
stage, the water vapor flux is more significantly reduced by anthropogenic aerosols in North China (Figure 7b)
compared to the strong EASM stage (Figure 7a), leading to greater reduction in specific humidity (Figure 7d).
Additionally, we also observe that the upward vertical velocity is substantially reduced by increased aerosol
loading in the weak EASM stage (Figure 8b). In the strong EASM stage, the aerosol-induced atmosphere
circulation change produces an anomalous upward vertical velocity that forms more clouds and precipita-
tion over North China (Figure 8a). Table 5 further provides the regionally averaged values of water vapor
flux and flux convergence, specific humidity, total precipitable water, and vertical velocity for PD, PI, and
their differences between the strong and weak EASM stages. The average changes in the 850 hPa water
vapor flux (—=3.18 g (hPa m s)~"), water vapor flux convergence (0.42 x10~> g (hPa m? s)~), specific humid-
ity (—0.37 g kg™"), precipitation water (—1.13 kg m~2), and vertical velocity (0.0033 Pa s') during the weak
EASM stage are much larger than the corresponding values during the strong EASM stage. Additionally, a
larger aerosol burden that cools the surface and stabilizes the boundary layer is a possible reason for reduced
precipitation in the weak EASM stage [Liu et al., 2011b].

It is noteworthy that the CAM5.1 model does not consider the aerosol indirect effect on convective clouds. In
view of the importance of convective clouds in precipitation (see a recent review by Tao et al. [2012]), caution
is needed in the interpretation of these results.

3.5. Aerosol-Induced Changes in Cloud Properties and Radiative Flux

Table 6 summarizes the key cloud properties for PD, P, and their differences over eastern China, including the
column cloud droplet number concentration, liquid water path, 850 hPa cloud droplet effective radius, and
low cloud cover. With the increase in anthropogenic aerosols, the cloud droplet number concentration and
liquid water path are appreciably increased by 2.78 x 10° cm=2 and 2.63 x 10° cm~2, and by 23.00 g m~2 and
18.75 gm~2 in the strong and weak EASM stages, respectively. In contrast, the cloud droplet effective radius is
decreased by —1.23 pm and —1.29 um in the strong and weak EASM stages, respectively. Additionally, the low
cloud coverisincreased by 1.52% and 0.54% due to anthropogenic aerosols for the strong and weak monsoon
stages, respectively. These changes are consistent with the notion that additional activation of aerosols leads
to the formation of more cloud droplets with smaller sizes and hinders the conversion of cloud droplets to
raindrops, resulting in much greater liquid water path values and increased cloud cover [Xie et al., 2013]. The
differences in the cloud properties between the two EASM stages are worth noting. The larger decrease in
cloud droplet effective radius during the weak EASM stage conforms to the fact of larger AOD and aerosol
burden. However, the change in droplet concentration, liquid water path, and low cloud fraction are larger
in the strong EASM stage than that in the weak EASM stage. This seemingly counterintuitive phenomenon is

Table 6. Column Cloud Droplet Number Concentration (CDNUMC), Liquid Water Path (LWP), Cloud Droplet Effective
Radius for 850 hPa (Re), and Low Cloud Cover (CLDLOW) in Summer for PD, PI, and Their Differences (PD — PI) Over
Eastern China in the Strong (P1) and Weak (P2) EASM Stages

PD(P1) PI(P1) Diff(P1) PD(P2) PI(P2) Diff(P2)
CDNUMC (10% cm—2) 420 1.42 278 4.04 1.42 263
LWP (g m~2) 109.47 86.47 23.00 106.77 88.02 18.75
Re (um) 8.28 9.50 -1.23 8.27 9.56 -1.29
CLDLOW (%) 31.94 30.42 1.52 31.29 30.75 0.54
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Figure 9. Differences in the (a, b) surface and (c, d) TOA aerosol total radiative flux (ADF+AIF, W m~2) in summer for the
strong (P1) (Figures 9a and 9c) and weak (P2) (Figures 9b and 9d) EASM stages. The dots represent the grid points where
the changes pass the two-tailed t test at the 5% significance level.

likely related to the concurrent changes in circulation that generate anomalous upward vertical velocity and
form more clouds over North China in the strong EASM stage.

The increases in liquid water path and low cloud fraction and the decrease in cloud droplet effective radius
conspire to increase the cloud radiative forcing, thereby altering the local and global radiation balance.
Figure 9 shows the differences in the surface and TOA aerosol total radiative flux (including aerosol direct
radiative forcing (ADF) and aerosol indirect radiative forcing (AIF)) for the two EASM stages. It can be seen that
the decreases in the radiative flux are more significant at both the surface and the TOA in the weak EASM stage.
The aerosol total radiative forcing is mainly located over eastern China in the weak EASM stage, whereas it is
concentrated over North China in the strong EASM stage because of the larger AIF over North China in strong
EASM stage (Figures S4 and S5). The discrepancy between the two EASM stages in the spatial distribution of
aerosol total radiative forcing may be the reason for the similar behavior of surface temperature and sea level
pressure. A higher anthropogenic AOD leads to greater aerosol radiative forcing, which further results in a
lower surface temperature and higher sea level pressure over eastern China.

Table 7. Clear-Sky and Cloudy-Sky Shortwave (SW), Longwave (LW), and Total Radiative Fluxes (SW + LW) at the Top of
Atmosphere (TOA) in Summer for PD, PI, and Their Difference (PD — PI) for Eastern China in the Strong (P1) and Weak (P2)
EASM Stages

PD(P1) PI(P1) Diff(P1) PD(P2) PI(P2) Diff(P2)
Clear-sky SW (TOA, W m~2) 389.44 391.34 -1.91 388.58 390.94 -2.36
Clear-sky LW (TOA, W m~2) —277.16 —278.25 1.09 276.58 277.38 0.80
Clear-sky SW+LW (TOA, W m~2) 112.28 113.09 —0.82 112.00 113.57 -1.56
Cloudy-sky SW (TOA, W m~2) -92.83 —84.94 —7.89 —90.53 —85.09 —5.44
Cloudy-sky LW (TOA, W m~2) 43.61 39.88 373 42.47 39.85 2,62
Cloudy-sky SW+LW (TOA, W m~2) —49.22 —45.06 -4.16 —48.06 —45.24 -2.82
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Table 8. Aerosol Direct Radiative Forcing (ADF) and Indirect Radiative Forcing (AIF) Including Shortwave (SW), Longwave
(LW), and Total Radiative Fluxes (SW + LW) in Summer at the Surface and at the Top of Atmosphere (TOA) Over Eastern
China in the Strong (P1) and Weak (P2) EASM Stages

ADF(P1) AIF(P1) ADF(P2) AIF(P2)
SW (surface, W m~2) -8.23 —7.49 —-8.88 —4.90
LW (surface, W m~2) 1.57 1.06 0.60 0.53
SW + LW (surface, W m~2) —6.66 —6.44 —-8.28 —4.36
SW (TOA, W m~—2) -1.91 -7.89 -236 —5.44
LW (TOA, W m~2) 1.09 3.73 0.80 262
SW + LW (TOA, W m~2) —0.82 -4.16 —-1.56 -2.82

Table 4 provides the shortwave and longwave radiative fluxes at the surface and Table 7 gives the correspond-
ing radiative fluxes at the TOA. One can see that the shortwave flux is reduced significantly by anthropogenic
aerosols whereas the longwave flux is increased only slightly. Note that the aerosol-induced shortwave flux
dominated the changes in the radiative fluxes for both clear-sky and cloudy-sky radiative fluxes (which can be
directly derived from the difference between all-sky and clear-sky radiative fluxes in the model). Itis interesting
to note that the magnitude of AlIF is slightly smaller than that of ADF at the surface whereas the magnitude
of AIF is much larger than that of ADF at the TOA (Table 8). These results highlight the nonnegligibility of AIF
compared with ADF.

Notably, the aerosol direct radiative forcing is herein simply defined as the clear-sky radiative flux with
and without anthropogenic aerosols (the clear-sky radiative flux is calculated as a diagnostic with clouds
neglected), whereas the aerosol indirect radiative forcing is described as the change in the cloud radiative
forcing with and without anthropogenic aerosols (reviewed by Ghan [2013]). Here the aerosol indirect radia-
tive forcing includes the first and the second indirect effects, as well as the semidirect effect. Additionally,
Ghan [2013] also noted that this estimation about ADF and AIF is biased regardless of surface albedo forcing,
which can solve this problem by two additional diagnostic calculations.

3.6. Sensitivity Study

In addition to aerosol loading itself, another important question related to the resultant changes is the sen-
sitivity to the given aerosol perturbation defined as the differences between PD and PI simulations divided
by the corresponding difference in AOD or the anthropogenic AOD: (PD — PI)/AAQD. A positive (negative)
value of the sensitivity indicates that the corresponding variable increases (decreases) with increasing anthro-
pogenic aerosols. Table 9 compares the sensitivities for ADF, AIF, aerosol total radiative forcing (ADF + AIF) at
the surface and at the TOA, surface temperature, sea level pressure over eastern China, the large-scale EASM
intensity, and the total precipitation over North China in the different EASM stages. It is evident that ADFs at

Table 9. Sensitivity, i.e., (PD — PI)/AAOD, of the Changes Between PD and
Pl to Anthropogenic AOD, Including ADF, AlF, and the Aerosol Total
Radiative Forcing (ADF + AIF) at the Surface and at the Top of Atmosphere
(TOA), the Surface Temperature, the Sea Level Pressure Over Eastern China,
the Large-Scale EASM Intensity (V), and the Total Precipitation (PRECT) in
Summer Over North China in the Strong (P1) and Weak (P2) EASM Stages

Sensitivity P1 P2
ADF (surface, W m—2) —66.6 -733
ADF (TOA, W m~2) —-8.2 —-13.8
AIF (surface, W m—2) —64.4 —386
AIF (TOA, W m~2) -416 —-25.0
ADF+AIF (surface, W m~2) —131.0 -111.9
ADF+AIF (TOA, W m~2) -49.8 —388
TS (°Q) -39 -39
SLP (hPa) 1.6 2.7
V(ms™) -1.7 -33
PRECT (mm d~") 1.0 55
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Figure 10. Schematic diagram showing the distinct effects of anthropogenic aerosols on the EASM and the associated
summer precipitation over North China between the multidecadal strong and weak monsoon stages. The up and down
arrows denote an increase and a decrease, respectively, in the corresponding properties. The arrow length qualitatively
indicates the extent of aerosol-induced changes. The bar indicates a statistically insignificant change in precipitation.

both the surface and TOA, sea level pressure, large circulation intensity, and total precipitation are more sen-
sitive to anthropogenic aerosols during the weak EASM stage, whereas AIF and aerosol total radiative forcing
are more sensitive to aerosol perturbation during the strong EASM stage. The sensitivity of surface temper-
ature is similar in both EASM stages. The larger AIF sensitivity in the strong EASM stage may be due to the
aerosol-induced anomalous upward vertical velocity that forms more clouds, which is the reason for a larger
sensitivity of the aerosol total forcing. The sensitivity of the total precipitation over North China is more inter-
esting: it is positive during the strong EASM phase but negative during the weak EASM stage. The difference
in the magnitude of precipitation sensitivity further indicates that the precipitation reduction in the weak
EASM stage (—5.5) is more sensitive to increasing aerosol loading than the precipitation increase in the strong
EASM stage. Hence, the same forcing of anthropogenic aerosols can result in more significant reductions in
the EASM and the associated summer precipitation in the weak EASM stage.

4. Further Discussion

The proceeding results collectively suggest three main reasons for the remarkable differences between the
multidecadal strong and weak EASM stages in terms of the effects of anthropogenic aerosols on EASM and
associated climatic variables, such as precipitation, as illustrated in the schematic diagram in Figure 10. Briefly,
for the same anthropogenic aerosol and gas precursor emissions, the AOD is smaller during the strong EASM
stage over eastern China (Figure 3a) due to greater northward transport of the aerosols induced by strong
southerly winds. The smaller anthropogenic AOD results in a smaller decrease in the surface temperature, a
smaller increase in the sea level pressure over eastern China (Figures 5a and 5c¢), and weaker changes in the
EASM (Figure 4a) and summer precipitation (Figure 6a) over North China, in combination with the lower sensi-
tivities in the strong EASM stage. During the weak EASM stage, the same increase in anthropogenic emissions
leads to a much larger increase in AOD due to less northward transport of the aerosols (Figure 3b). This in
turn leads to a larger decrease in surface temperatures and increase in sea level pressure over eastern China
(Figures 5b and 5d). In combination with larger sensitivity in the weak EASM stage, this greater variation can
resultin more significant reduction in the EASM (Figure 4b) and in summer precipitation (Figure 6b) over North
China. Furthermore, because a weak EASM tends to increase the quantity of aerosols for the same emissions,
the stronger aerosol effect during the weak EASM stage is likely related to some positive feedbacks between
increased aerosols, weaker wind, and a weaker EASM.

5. Concluding Remarks

This study first evaluates the CAM5.1 model against the NCEP/NCAR and ERA-40 reanalyses in terms of the
ability to simulate the EASM and its transition from strong to weak EASM stages. We then perform numer-
ical experiments to investigate the impacts of anthropogenic aerosols on EASM and the associated climate
changes, such as precipitation, cloud, and radiative properties during the multidecadal strong (1950-1977)
and weak (1978-2000) EASM stages using CAM5.1. The numerical experiments are conducted for the whole
period, including the two different EASM stages, with present day (PD, year 2000) and preindustrial (P, year
1850) aerosol emissions, as well as the observed time-varying aerosol emissions. A comparison of the results
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from PD and Pl shows that, with the increase in anthropogenic aerosols, the large-scale EASM intensity is weak-
ened to a greater degree (—9.8%) during the weak EASM stage than during the strong EASM stage (—4.4%).
The increased anthropogenic aerosols also result in a significant reduction in precipitation over North China
during the weak EASM stage, as opposed to a statistically insignificant change during the strong EASM stage.
Because of the greater aerosol loading and greater sensitivity of the climate system during weak EASM stages,
the aerosol effects are more significant during these EASM stages. Our results suggest that the anthropogenic
aerosols under the same aerosol emissions have distinct effects on the EASM and the associated precipitation
between the strong and weak EASM stages.

The following discussions are noteworthy. First, the aerosol indirect effect is only considered in large-scale
stratiform clouds and precipitation in CAM5.1, and the aerosol-cloud interactions in convective clouds are
ignored. As we know, the aerosol effects on convection clouds are very important to cloud radiative forc-
ing and precipitation, which is dependent on many factors, e.g., atmospheric relative humidity, vertical wind
shear, and convective available potential energy (reviewed by Tao et al. [2012]). Hence, a more complete
investigation with a climate model that considers both aerosol effects on stratiform and convective clouds
is desirable. Second, Liu et al. [2012a] noted that the EASM might have strengthened since the 1990s or the
2000s, and this period may be another strong EASM stage. This needs to be further confirmed with more and
longer observations in the future. If the strong EASM stage since the 1990s or the 2000s can be confirmed, we
will further use this new strong EASM stage to check our results. Finally, although anthropogenic aerosols can
weaken the EASM significantly, especially during the weak EASM stage, we do not believe that the increase of
anthropogenic aerosols is the dominant factor driving EASM into the weak stage after the end of the 1970s.
This can be seen from Figures S6 and S7 and Table S1, which show that the low-level anomalous northerly
winds between the strong and weak EASM stages can been seen in both Pl and PD experiments and are
similar to those in the CTL experiment. These results imply that anthropogenic aerosol forcing only plays a
complementary role [Song et al., 2014]; other factors (e.g., the variability in sea surface temperatures) may play
a dominant role in the EASM weakening after the end of the 1970s.
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