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Abstract

This study investigates the impact of anthropogenic aerosols on the atmospheric hydrological cycle over the tropical
Asian monsoon region (South Asian, Southeast Asian, and western North Pacific monsoons), using a coupled
atmosphere-ocean global climate model (CGCM), Model for Interdisciplinary Research on Climate-Earth System
Models. Three-ensemble historical (HIST) and sensitivity (piAERO) experiments for the period 1985–2005 are
conducted. The piAERO experiment is the same as HIST, but with anthropogenic aerosol emissions kept at
preindustrial values. The results show that, as a whole, the Asian monsoon precipitation is reduced by the increase in
aerosol loading during boreal summer and winter. This decrease in precipitation corresponds to a decrease in
precipitable water due to the cooling in surface air temperature (SAT), mainly over adjacent oceans. The cooling is
explained by the sum of the direct and indirect effects of aerosols. A modulation of the Walker circulation occurs,
which can be explained by the east-west horizontal SAT gradient over the tropics due to the spatially heterogeneous
increase in aerosols. Concurrent with the modulation of the Walker circulation, the anomalous descending motions
over the tropical Asian monsoon region are consistent with the decrease in precipitation. In addition, the changes in
local Hadley circulation (or a shift of the inter-tropical convergence zone) are unclear over the Asian monsoon region
and thus cannot explain the decrease in precipitation. Moreover, the detailed spatial pattern of the response of the
atmospheric hydrological cycle over the Asian monsoon region has distinct seasonality. Interestingly, signals are
distinct in regions where tropical disturbance activity is vigorous during both boreal summer and winter. However,
uncertainties regarding aerosol-cloud-precipitation interactions in current climate models and internal variability in
the climate models may have affected the results.
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Introduction
Although greenhouse gases (GHGs) cause global warm-
ing, aerosols cool the Earth’s atmosphere. Many previous
studies have investigated the global mean value of radia-
tive forcing (e.g., IPCC 2013) and its effects on global
climate. It is well known that the time-space distribu-
tion of aerosols is much more heterogeneous than that
of GHGs, and therefore, the effects of aerosols on cli-
mate may vary over time and space. The effects of aerosols
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are complex because they serve as the source of clouds
and thus affect the atmospheric hydrological cycle. In this
study, we define the atmospheric hydrological cycle as
water vapor, clouds, and precipitation.
The effects of aerosols on global and regional climates

can be attributed to two processes: aerosol-radiation
interactions, also known as direct aerosol effects (e.g.,
Ming et al. 2005), and effects through cloud changes, also
known as indirect aerosol effects or aerosol-cloud inter-
actions (e.g., Lohmann et al. 2010). Estimates of these
indirect effects have high degrees of uncertainty (e.g.,
Penner et al. 2006) and are still poorly understood (e.g.,
IPCC 2013).
Compared with the global-mean and zonal-mean

impacts of aerosols, the regional impacts of aerosols on

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

http://crossmark.crossref.org/dialog/?doi=10.1186/s40645-018-0197-2&domain=pdf
http://orcid.org/0000-0002-1991-422X
mailto: hiroshi3@tmu.ac.jp
http://creativecommons.org/licenses/by/4.0/


Takahashi et al. Progress in Earth and Planetary Science  (2018) 5:44 Page 2 of 14

a climatological timescale are not well understood (e.g.,
Shindell et al. 2012). There are two major sources of
anthropogenic aerosols over the Asian monsoon region,
i.e., China and India. It is therefore possible that there
are clear effects of aerosols. In addition, most studies
have investigated the annual mean impact of aerosols.
However, seasonal changes in atmospheric circulation
can modify the spatial distribution of aerosols and their
effects, particularly over the Asian monsoon region,
which can have distinct seasonality. Thus, we focus on the
tropical Asian monsoon region (South Asian, Southeast
Asian, and western North Pacific monsoons).
In India, which is within the Asian monsoon region,

a reduction in downward shortwave radiation at the
surface (DSRS) due to a large atmospheric concentra-
tion of aerosols has been observed. This can result in
decreased evaporation and summer rainfall (Ramanathan
et al. 2005). The importance of dust and black carbon at
the onset of the Indian summer monsoon has been eval-
uated based on observational data (Lau and Kim 2006).
Bollasina et al. (2011) reported that the reduction in
the Indian summer monsoon can be attributed primar-
ily to anthropogenic aerosol emissions. These studies,
however, focused on the Asian summer monsoon over
India, whereas we examined aerosol effects over the entire
Asian monsoon region during boreal summer and winter.
Bollasina et al. (2011) suggested that the mechanism
underlying the reduction in precipitation over India was
the weakening of the meridional land-sea contrast with
weakening of the local Hadley circulation due to the
decrease in DSRS over India. However, changes in cloud
cover due to an increase in aerosol burden were unclear
in the previous studies, which can also change the DSRS.
The effects of aerosols on the atmospheric hydrological
cycle have not been investigated over the tropical Asian
monsoon region other than India. This study focuses on
the whole tropical Asian monsoon region.
The present study investigates how aerosols affect cloud

cover and precipitation over the tropical Asian mon-
soon region through aerosol-radiation and aerosol-cloud
interactions, including the coupling effects of the
ocean-land-atmosphere climate system, using a coupled
atmosphere-ocean global climate model (CGCM). We
focused on the Asian monsoon region because aerosol
emissions over this region are very high and are expected
to increase in the future. In addition, it is possible
that the distinct seasonal changes in low-level mon-
soon winds seasonally vary the spatial pattern of aerosols
and their effects. Responses of cloud and precipita-
tion to aerosols over the Asian monsoon region are
also examined. The numerical experiment is described
in the “Methods/Experimental” section, and the results
of the impacts of aerosols on atmospheric hydrological
cycle over the tropical Asian monsoon region are shown

in the “Results” section. Uncertainties of the effects of
aerosols are discussed in the “Discussion” section, and the
“Conclusions” section is given.

Methods/Experimental
Numerical experiments
To understand the impact of aerosols on regional and
global climates, we used historical control experiments
(HIST) for the 155-year period from 1851 to 2005, under
the protocol for historical experiments of the Intergov-
ernmental Panel on Climate Change-Fifth Assessment
Report (IPCC-AR5; Taylor 2012). To clarify the effects of
aerosols on the atmospheric hydrological cycle through
both the aerosol-radiation and aerosol-cloud interactions,
including slow responses, we used the Model for Inter-
disciplinary Research on Climate-Earth System Models
(MIROC-ESM; Watanabe et al. 2011), a CGCM, coupled
with the Spectral Radiation-Transport Model for Aerosol
Species (SPRINTARS; Takemura et al. 2000; 2002). We
performed sensitivity (pre-industrial aerosol; piAERO)
experiments to estimate the effects of anthropogenic
aerosols; these were the same as HIST, but with the emis-
sions of anthropogenic aerosols fixed at their preindustrial
(around 1850) values. The anthropogenic aerosols in our
experiments are sulfates, organic carbons, and black car-
bons. The amount of black carbons is much smaller than
that of the other anthropogenic aerosols although the
effects of black carbons are quite different from those of
the sulfates and organic carbons. We note that there are
interannual and long-term variations in natural aerosols,
such as dust and volcanic aerosols. We selected the anal-
ysis period of from 1976 to 2005 because the emission of
anthropogenic aerosols has been increased until the end
of the simulation period over the Asian monsoon region
(e.g., Ohara et al. 2007). To reduce uncertainty in the sim-
ulation, we used three ensembles for each experiment. We
used 90 seasonal means to calculate the 30-year seasonal
mean. The differences between HIST and piAERO exper-
iments were evaluated using the two-sided Student’s t test
at the 95% significance level.

Observational datasets
To confirm the low-level atmospheric circulation simu-
lated in the HIST, we used the dataset of the Japanese
55-year Reanalysis Project (JRA-55; Kobayashi et al. 2015;
http://jra.kishou.go.jp/JRA-55/index_en.html), including
the surface zonal and meridional winds. We also used
satellite-derived rainfall data from the Global Precipi-
tation Climatology Project (GPCP; Adler et al. 2003;
https://www.esrl.noaa.gov/psd/) for the 30-year period
from 1980–2009; this dataset includes observed global
monthly precipitation on a 2.5° × 2.5° grid. We also used
the 30-year climatology data from 1980 to 2009. Although
the averaged period was slightly different from the period
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of the HIST simulations and the observations, we con-
firmed that this had a negligible effect on the findings.
In addition, we used long-term variations of the observed
SAT dataset, the Hadley Centre–Climatic Research Unit
Version 4 (HadCRUT4; Morice et al. 2012), for validation.

Results
Impact of aerosols on global climate
This section focuses on the impact of aerosols on
the global and regional climates, beginning with the
global climate. The performance of the HIST simu-
lation was investigated previously in Watanabe et al.
(2011). The following subsection focuses on the repro-
ducibility of the Asian monsoon precipitation, which
is important for our purposes. Figure 1 presents the
time series of global SAT, precipitation, aerosol opti-
cal depth (AOD), precipitable water, and cloud effective
radius for the 100-year period from 1906 to 2005. To

investigate long-term changes, seasonal components and
those with periodicity of less than 10 years were sup-
pressed by using a running mean with a window of
121 months.
It is well known that the global mean SAT has increased

due to increased concentrations of GHGs, such as car-
bon dioxide. All three members of the HIST and piAERO
experiments showed similar long-term increases (Fig. 1b),
respectively. The simultaneous drops in SAT in the 1960s,
around 1980, and around 1991 were considered to be
caused by large volcanic eruptions, i.e., the effects of nat-
ural aerosols (Fig. 1a), although the drops were unclear
due to the effect of the digital filter. These drops in SAT
were also simulated in piAERO, as long-term changes in
the natural aerosol burden were similar to those in HIST,
although the simulated long-term trends in SAT in the
piAERO were different from those in the HIST. Com-
pared to the HIST, the increase in global mean SAT was
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f

Fig. 1 a Observed time series of global mean surface air temperature (SAT) anomaly from the average of the period of 1961–1990. Simulated time
series of the global mean b SAT, c precipitation, d aerosol optical depth (AOD), e precipitable water, and f effective radii of clouds in the three
ensemble historical (HIST) and sensitivity (pre-industrial aerosol; piAERO) experiments. To examine the long-term trends, we used a 121-month
running mean filter to remove seasonal and shorter interannual variations
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larger in piAERO after the 1950s. The timing (from 1955
to 2005) when the differences in globalmean SAT between
the HIST and piAERO has gradually become larger corre-
sponded to that in AOD (Fig. 1d). The increase in AOD
was due to human activity.
In our experiments, during 1905–2005, the global mean

SAT increased by approximately 0.6–0.8 K in HIST and
by approximately 1.0–1.2 K in piAERO. These simulations
indicate that approximately one third to one half of the
total increase in global mean SATwas likely suppressed by
the increase in anthropogenic aerosol burden. This esti-
mated sensitivity to global warming was greater than that
seen in the multi-model results of the IPCC-AR5 (IPCC
2013).
We also examined changes in the atmospheric hydro-

logical cycle. Concurrent with the long-term increase in
SAT, over the 100-year period, the global mean precip-
itation and precipitable water increased in the piAERO
experiments (Fig. 1c, e). In general, an increase in global
mean SAT results in an increase in precipitation, due
to an increase in the global mean precipitable water.
However, the global mean precipitation in the HIST
decreased after 1950, although the global mean SAT grad-
ually increased. The HIST and piAERO simulations of

long-term changes in the global mean cloud effective
radius showed clear differences between the HIST and
piAERO (Fig. 1f). Smaller cloud effective radii occurred
under higher aerosol loading conditions. These results can
be explained by the cloud lifetime effects of aerosols (e.g.,
Twomey et al. 1984; Albrecht 1989).

Reproducibility of the Asian monsoon precipitation and
circulation
Before discussing the regional characteristics and sea-
sonality of the aerosol impacts, we examined the repro-
ducibility of precipitation over the Asian monsoon region.
Figure 2 presents the climatology based on observa-
tions from GPCP and JRA55 and simulations from
MIROC-ESM.
The simulation revealed spatial peaks in precipitation

during boreal summer (June, July, August; JJA) over the
Asian monsoon region (Fig. 2b), similar to the observa-
tions (Fig. 2a). However, a major peak in precipitation
was simulated over the western coast of the Indian sub-
continent while this was observed over the western coast
of the Indochina Peninsula. In addition, compared to the
observations, weaker monsoon westerlies and a weaker
monsoon trough around the Philippines were found in

a
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d

Fig. 2 Climatology in a observed and b simulated precipitation and surface winds at 10 m above the surface during June, July, and August (JJA).
c and d are the same as a and b, respectively, except for December, January, and February (DJF). For the observations, the values were averaged
over 30 years from 1979 to 2008, and for the HIST simulation, the values were averaged over 30 years from 1976 to 2005. For the simulated
climatology, we averaged the three-ensemble members
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the HIST experiments. Precipitation over the southern
Maritime Continent was also overestimated in HIST.
During boreal winter, although the simulation repro-

duced the spatial distribution of precipitation and circu-
lation, the precipitation over the equatorial Indian Ocean

was greater in HIST than that in the observations. As
in simulations of boreal summer, precipitation over the
southern Maritime Continent was overestimated, and
precipitation over the southern Pacific Ocean was under-
estimated in HIST.
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Fig. 3 Differences in 30-year climatological a AOD, b SAT, c clear-sky downward shortwave radiation at the surface (DSRS), d the difference between
all-sky DSRS and clear-sky DSRS (indirect effect), e cloud cover, f precipitation, g precipitable water during JJA between the ensemble-averaged HIST
and piAERO (HIST - piAERO). Both HIST and piAERO values were averaged over the 30-year period from 1976 to 2005. All differences are shown
when the local statistical significance level is at least 95%, as determined by Student’s t test
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Although there were some differences between simu-
lated and observed precipitation, the general features and
spatial patterns of precipitation and low-level circulation
and their seasonal changes were reproduced by HIST.

Impact of aerosols during boreal summer (JJA)
Geographical pattern of AOD changes
To understand how aerosols affect the regional climate of
the tropical Asian monsoon, we produced a global map
of differences between the HIST and piAERO in AOD,
SAT, clear-sky downward DSRS, the difference between
all-sky and clear-sky DSRSs, cloud cover, and precipita-
tion (Fig. 3). Because changes outside of the tropical Asian
monsoon region may affect the regional climate of the
tropical Asian monsoon region, we analyzed the changes
globally, focusing on the tropical Asian monsoon region.
The difference between all-sky and clear-sky DSRSs will
be explained later. To detect statistically significant sig-
nals, we used all three ensembles in both experiments.
An increase in AOD during JJA was observed over and

around the regions of East Asia, South Asia, Maritime
Continent, Western Europe, Western Africa, and South
America (Fig. 3a). The signal of AOD was weaker over
North America because the timing of improvement air
quality problems was different from the other regions.
During the period considered, considerable changes have
occurred in land use, such as deforestation, conversion
from natural vegetation to cropland, and urbanization.
The major source regions of aerosols are located in the

Northern Hemisphere. Over this study region of the Asian
monsoon, China and India are the major source regions.
The aerosols were partly transported downstream of the
monsoon flows (see Fig. 2). Notably, over the South
Pacific Ocean, there is no major source of aerosols, which
induced the meridional contrast of AOD globally, particu-
larly over the Pacific Ocean. The increase in AOD ranged
from 0.05 to 0.20.

Surface air temperature response
Over the tropics, statistically significant cooling signals
were simulated over the entire Indian Ocean, North
Pacific Ocean, and the North Atlantic Ocean (Fig. 3b).
Note that the tropical South Pacific Ocean was not cooled
by the increase in aerosols. Thus, the east-west inter-
oceanic contrast in SAT between the Indian Ocean and
Western Pacific Ocean was dominant (Fig. 3b), which may
have affected the atmospheric hydrological cycle of the
tropical Asian monsoon. In addition, no clear SAT sig-
nals were simulated over the Asian monsoon land regions,
i.e., the Indian subcontinent and the Indochina Peninsula,
indicating that the cooling over land was not systemati-
cally simulated. Cooling signals were also simulated over
the middle and high latitudes in the Northern Hemi-
sphere (Fig. 3b), whereas less cooling was simulated over

the Southern Hemisphere. Notable cooling was simulated
over a zonal band from 30° N to 70° N and not only near
the source regions of aerosols.
Due to the increases in AOD, negative signals in clear-

sky DSRS were observed over the major source regions
(Fig. 3c). The spatial distributions of the differences in
AOD and clear-sky DSRS were similar, indicating that
direct radiation effects resulted in cooling over the major
sources of aerosols. However, the changes in clear-sky
DSRS due to increased AOD (Fig. 3c) cannot explain all of
the changes in SAT (Fig. 3b).

Changes in cloud cover and precipitation
To understand the changes in SAT, we also examined
the indirect effects of aerosols by considering changes
in cloud cover, which are the parts of the atmospheric
hydrological cycle. Of course, we also considered the
responses of precipitation and precipitable water. Here,
we defined the indirect effects of the aerosols as the
difference between the all-sky and clear-sky DSRS (follow-
ing Mukai et al. 2008; Mukai and Nakajima 2009). For this
estimation, the indirect effects were considered to be the
changes in cloud cover due to different aerosol conditions.
However, this is not simply a sum of the first and second
indirect effects; it involves many effects related to changes
in the aerosol conditions, so we cannot estimate only the
indirect effects of aerosols.
An impact of cloud cover changes on the decrease in

SAT due to aerosol-cloud interactions was clear over the
tropical regions, such as equatorial Indian Ocean, equato-
rialWestern Pacific, and the Indian subcontinent (Fig. 3d),
although significant cooling over the mid-latitudes was
also simulated over downstream regions of the aerosol
sources. We confirmed that changes due to the indi-
rect effects could be explained by changes in cloud cover
because their spatial patterns were similar (Figs. 3d, e). It is
noteworthy that the effects of clouds due to the changes in
aerosol condition contributed significantly to the creation
of inter-oceanic and inter-hemispheric contrasts in SAT
over the tropical Asian monsoon region and the Pacific
Ocean.
Changes in precipitation were remarkable primarily

over the tropical regions (Fig. 3f). An increase in precipi-
tation was simulated over part of theMaritime Continent-
southern equatorial Pacific and Amazon regions, whereas
a decrease was observed over the Asian monsoon land,
the southern equatorial Indian Ocean, and Central Africa.
The changes in precipitation can be explained by changes
in water vapor (Fig. 3g). The changes in water vapor
mostly corresponded to those in SAT. The decreases in
water vapor were simulated over the entire Asian mon-
soon region and the Indian Ocean. Only the equatorial
South Pacific Ocean showed a positive signal in water
vapor.



Takahashi et al. Progress in Earth and Planetary Science  (2018) 5:44 Page 7 of 14

v;-omg(10^4) 76-05 JJA Hist-piAERO 60-110E
100

200

300

400
500
600
700
800
900

1000

-0.6 -0.45 -0.3 -0.15 0 0.15 0.3 0.45 0.6

-0.6 -0.45 -0.3 -0.15 0 0.15 0.3 0.45 0.6

30°S 20°S 10°S EQ 10°N 20°N 30°N 40°N 50°N

 v;-omg(10^4) 76-05 JJA Hist-piAERO 120-210E
100

200

300

400
500
600
700
800
900

1000
30°S 20°S 10°S EQ 10°N 20°N 30°N 40°N 50°N

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

u;-omg(10^4) 76-05 JJA Ful-pi 10S-10N
100

200

300

400
500
600
700
800
900

1000
0° 30°E 60°E 90°E 120°E 150°E 180° 150°W

[hPa]

P
re

ss
u

re
P

re
ss

u
re

P
re

ss
u

re

[hPa]

[hPa]

b

a

c

Fig. 4 a Latitude-vertical (in pressure) cross-section in meridional and
vertical winds over the Asian monsoon region (60° E–110° E) during
JJA. b Same as Fig. 5a, but over the Pacific Ocean (120° E–150° W)
during JJA. c Longitude-vertical (in pressure) cross-section in zonal
and vertical winds along the equator (10° S–10° N) during JJA. As we
used ω, we multiplied ω by − 1 for vectors to understand vertical
motions. The plotted vectors are statistically significant for horizontal
or vertical components, or both. The red (blue) color indicates
ascending (descending) motion. The unit of zonal and meridional
winds is m s−1. The unit of ω is 10−4 Pa s−1. The plotted colors are
statistically significant for the vertical component

Changes in atmospheric circulation and coupling with clouds
and precipitation
To understand the changes in meridional and zonal cir-
culation on the Asian monsoon regional scale, we pro-
duced meridional-vertical cross-sections of winds over
the Asian monsoon region and the Pacific Ocean, and a
zonal-vertical cross-section of winds along the equato-
rial region (Fig. 4). To associate atmospheric circulation
changes with the precipitation changes, we analyzed zonal
and meridional averaged changes in precipitation (Fig. 5).

a

b

c

Fig. 5Meridional distribution of zonally averaged precipitation a over
the longitudinal band of the Asian monsoon region (60° E–110° E)
and b over the longitudinal band of the Pacific Ocean (120° E–150° W)
during JJA. c Zonal distribution of meridional mean precipitation over
the latitudinal band of the equator region (10° S–10° N). The blue line
indicates the differences in zonal or meridional mean precipitation
between 30-year mean HIST from 1976 to 2005 and piAERO from
1976 to 2005. Note that the statistically insignificant values are also
plotted in this figure
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Over the Asian monsoon region, anomalous descending
motions were simulated south of the equator and along
the zonal band of 25–35° N (Fig. 4a), consistent with
the decreased cloud cover and precipitation (Figs. 3e, f
and 5a). These results revealed no changes in local
Hadley circulation over the Indian Subcontinent and the
Indochina Peninsula (along the zonal band of 10–25° N),
which is different from the finding of Bollasina et al.
(2011). A weak enhancement of local Hadley circulation
over the Asian monsoon region was simulated within
10° S–10° N, which did not cover the Asian landmass
(Fig. 4a). Over the Pacific Ocean, only the anomalous
ascending motions were simulated over the equatorial
regions (Fig. 4b), which is consistent with the changes in
precipitation (Fig. 5b). The anomalies in the equatorial
zonal circulation showed an eastward shift of the convec-
tive center of the Walker circulation or enhancement of
theWalker circulation over the Indian-Pacific trans-ocean
sector (Fig. 4c), which is consistent with the changes in
precipitation (Fig. 5c). This suggested that the changes in
equatorial zonal circulation can more coherently explain
the large-scale anomalies in cloud cover and precipita-
tion than can changes in local Hadley circulation. The
distinct changes in the Walker circulation can be con-
firmed by the spatial map of surface winds (Fig. 6). These
anomalous descending (ascending) motions were consis-
tent with the decreases (increases) in cloud cover and
precipitation, making it difficult to determine the cause-
effect relationship between the cloud-precipitation and
circulation changes.
On the more detailed spatial pattern of the precipita-

tion response, the Asian summer monsoon precipitation
decreased along two zonal bands, 10° S to the equa-
tor and 20°–30° N (Figs. 3f and 5a). Concurrent with
the decreases in precipitation over the Asian monsoon
region, an anomalous divergence in surface winds over the
equatorial Indian Ocean and an anomalous anti-cyclonic
circulation over South Asia and the Tibetan Plateau were
simulated (Fig. 6). In addition, an increase in precipita-
tion over the equatorial Pacific was consistent with an
anomalous convergence in surface winds. Strong westerly
anomalies over the eastern Indian Ocean and Maritime
Continent, which modulated the Walker circulation in
this region, were simulated. The precipitation signals also
corresponded to the anomalous vertical motions (Fig. 4a).
This spatial precipitation pattern matched the observed
pattern of interannual precipitation variability, i.e., a zon-
ally extended striped pattern (monsoon trough), as indi-
cated in previous observational studies (e.g., Goswami and
Mohan 2001; Fujinami et al. 2011; Takahashi et al. 2015).
The spatial pattern in precipitation is associated with the
tropical cyclone activity (Takahashi et al. 2015; Takahashi
and Yasunari 2006), which suggests that the signal is asso-
ciated with a modulation of tropical cyclone activity. The

decrease in precipitable water (Fig. 3g) can weaken low-
level water vapor convergence, even if the strength of wind
convergence by a tropical disturbance does not change,
and may reduce the development of tropical disturbances
along the monsoon trough.

Impact of aerosols during boreal winter (DJF)
Geographical pattern of changes in AOD
An increase in AOD during December, January, and
February (DJF) was simulated over and around East Asia,
Southeast Asia, Western Europe, Western Africa, and
North America (Fig. 7a). Over the tropical Asian mon-
soon region, there were large differences in AOD between
JJA and DJF over the eastern region of Eurasia. Although
the major sources of aerosols were similar to those dur-
ing boreal summer, AOD was greater over Southeast Asia
and was lower over the mid-latitude North Pacific, com-
pared with those during boreal summer. The differences
in spatial distribution of AOD can be explained by the
increase in local biomass burning (e.g., van der Werf et
al. 2008) over Southeast Asia and by equatorward trans-
portation of the East Asian aerosols due to the climato-
logical winter monsoon winds in the lower troposphere,
which contribute to the stronger zonal contrast in AOD
between the Indian Ocean-Maritime Continent sector
and the equatorial Pacific Ocean in boreal winter.

Surface air temperature response
Over the tropics, cooling was simulated over the tropical
Indian Ocean, North Pacific Ocean, and tropical Atlantic
Ocean. No clear cooling was simulated over the South
Pacific Ocean. This SAT response results in an enhance-
ment of the zonal gradient in SAT due to the increased
aerosols (Fig. 7b), consistent with the spatial pattern of
AOD (Fig. 7a). These features were similar to those in
boreal summer. In addition, cooling in the mid-latitudes
was weaker than that in boreal summer, which was con-
sistent with a seasonal change in AOD.
Next, we investigated the aerosol-radiation interaction.

Figure 7c shows the differences in clear-sky DSRS during
DJF. There was noticeable cooling along the southeast-
ern coast of Eurasia, which corresponded to AOD changes
(Fig. 7a). Again, although the geographical pattern of the
changes in SAT was not entirely explained by the direct
effect of aerosols due to the increased AOD, the sum
of direct and indirect effects (Fig. 7c, d) can explain the
changes in SAT. It was found that the spatial pattern
of cloud cover was similar to that of indirect effects of
aerosols. Moreover, the spatial distribution of the indirect
effects (Fig. 7d) was different from that seen during JJA
(Fig. 7d). The simulated cooling in the mid-latitudes due
to the indirect effects of aerosols over the North Pacific
Ocean at around 30° N was weaker than that in boreal
summer.
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Changes in cloud cover and precipitation
During DJF, east-west contrasts in cloud cover and pre-
cipitation were simulated over the tropics (Fig. 7e, f),
corresponding to the stronger zonal gradient in SAT
and precipitable water over the Indian Ocean and west-
ern Pacific Ocean (Fig. 7b, g). Decreases in precipitable
water were simulated over the entire tropical region
except for the tropical South Pacific Ocean, which can
almost entirely explain the decrease in precipitation over
the tropical Asian monsoon region. Although the spa-
tial patterns of cloud and precipitation during DJF were
somewhat different from those during JJA, the dominant
east-west contrasts in cloud cover and precipitation were
similar between boreal summer and winter.
Moreover, there were different responses of cloud-

precipitation between the tropics and mid-latitudes. In
the mid-latitudes, the cyclonic anomalies and enhance-
ment of the winter monsoon outflows over and around
Japan were associated with an increase in cloud cover and
a decrease in precipitation (Figs. 7 and 8). This response
can be explained as the well-known lifetime effect of
aerosols. Interestingly, the signs of changes in precipita-
tion corresponded to those of changes in cloud cover over
the tropics (Figs. 3 and 7), which were different from the
responses in the mid-latitudes. The different responses
are discussed in the “Uncertainties of effects of aerosols
on climate” section.

Changes in atmospheric circulation and coupling with clouds
and precipitation
This subsection discusses changes in cloud cover and pre-
cipitation during boreal winter, which are associated with
atmospheric circulation. Takahashi and Watanabe (2016)

reported that the decreased volcanic sulfate aerosols
caused partial enhancement of trade winds over the equa-
torial western Pacific Ocean from 1991 to 2010, which
can be explained by the zonal gradient in SAT. Their
study showed that an aerosol forcing can change the large-
scale circulation over the tropics, although the forcing of
aerosols in our experiment is quite different from that in
Takahashi and Watanabe (2016). The differences can be
clearly seen from the spatial pattern of SAT. Furthermore,
a few observational studies showed co-variability of the
aerosol-cloud-precipitation over and around the Mar-
itime Continent on interannual timescales (e.g., Yamaji
and Takahashi 2014).
As with the boreal summer, we investigated changes

in meridional and zonal circulation (Fig. 9) and changes
in precipitation for winter (Fig. 10). The changes in the
local Hadley circulation over the Asian monsoon region
were not clear (Fig. 9a). Over the Asian monsoon region,
anomalous descending motions (Fig. 9a) were consis-
tent with the decreased precipitation (Fig. 10a). Over
the Pacific Ocean, anomalous ascending motions were
consistent with the increase in precipitation (Figs. 9b
and 10b), which can be understood as the southward shift
of the inter-tropical convergence zone (ITCZ). In addition,
this southward shift of the ITCZ (Figs. 7 and 10) was
partly consistent with the annual mean response simu-
lated by Takemura et al. (2005). However, we found that
the responses over the Asian monsoon region and the
Indian Ocean were quite different.
Changes in the Walker circulation were dominant

(Fig. 9c). The anomalous convective center of the Walker
circulation was simulated over the western equatorial
Pacific Ocean, and this distinct signal was statistically
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Fig. 7 As in Fig. 3 for both HIST and piAERO, but during DJF averaged over the 30-year period from 1975 to 2004

significant (Fig. 9c and 10c). Thus, changes in part of the
Walker circulation, rather than in local Hadley circulation,
were strongly coupled with the changes in precipitation
over the tropical Asian monsoon region. Note that our
results regarding changes of the Walker circulation cou-
pling with cloud and precipitation in association with

the changes in zonal gradient of SAT can be explained
in a similar manner to Takahashi and Watanabe (2016).
Nevertheless, the changed spatial patterns of precipita-
tion, circulation, and SAT are different because of dif-
ferences in experimental design, such as the treatment
of forcing.



Takahashi et al. Progress in Earth and Planetary Science  (2018) 5:44 Page 11 of 14

DIFF pr&uv DJF HIST(76-05)-piAERO(76-05)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

60°N

45°N

30°N

15°N

EQ

15°S

30°S
30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90°W

Precipitation

[mm/d]

Fig. 8 As in Fig. 6, but during DJF. The unit of precipitation (wind) is mm day−1 (m s−1). Gray vectors represent the spatial pattern of differences in
wind, which are not statistically significant. Only stronger differences (> 0.2 m s−1) are plotted

The simulated decreases in cloud cover and precipi-
tation coupled with increased aerosols over the Indian
Ocean and Asian monsoon regions were symmetric with
respect to the equator (Figs. 7e, f and 10a). The spa-
tial pattern of this symmetrical response along 10° S and
10° N over the Indian Ocean corresponded to that of
the activity of cyclone pairs that are symmetrical with
respect to the equator (e.g., Kiladis and Wheeler 1995;
Compo et al. 1999; Ito and Satomura 2009, Takahashi et al.
2011). The activity of cyclone pairs is dominant in this
season. This correspondence suggests that modulation of
the activity of the tropical disturbances may explain the
decrease in cloud cover and precipitation. The decrease
in precipitable water (Fig. 7g) due to cooling of the SAT
(Fig. 7b) and anomalous descending motions (Fig. 9a, c)
can weaken the low-level convergence of water vapor
and/or the activity of the tropical disturbances over the
equatorial Indian Ocean. Notably, the signals were clear
along the major route of the tropical disturbances. These
characteristics were common to both boreal summer and
winter, although the frequent passage routes of tropical
disturbances are different between boreal summer and
winter.

Discussion
Uncertainties of effects of aerosols on climate
The previous sections discussed the changes in atmo-
spheric hydrological cycle over the Asian monsoon
region. Similar results were also simulated in previous
studies. However, as important uncertainties in the effects
of aerosols were found in the model experiments, this
subsection focuses on two major uncertainties, namely,
the aerosol-cloud-precipitation interactions and internal
climate variability.

The differences between the mid-latitudes and the
tropics in terms of the cloud-precipitation response to
increased aerosols can be explained by differences in the
total water vapor path. In the tropics, much more water
vapor is available for the development of clouds and pre-
cipitation. In contrast to the mid-latitudes, the much
reduced level of water vapor suppresses the development
of clouds and precipitation, which can be understood as
the cloud lifetime effect of aerosols.
However, the indirect effects of the aerosol-cloud-

precipitation interaction in current climate models are
strong compared to the observations (Michibata et al.
2016). Golaz et al. (2011, 2013) reported that the indirect
effects in their Geophysical Fluid Dynamics Laboratory
(GFDL) model was very sensitive to model turning,
and the model simulated strong cooling by the indirect
effects of aerosols. The response of clouds to aerosols is
quite important, and it can change the sign of the SAT
response. An increase in aerosols contributes to SAT cool-
ing through a direct effect. This response may contribute
significantly to the weakening of the land-sea contrast
over the South Asian monsoon region (e.g., Bollasina et al.
2011). However, the decrease in cloud cover as indirect
effects contributes to an increase in DSRS, which can
change the sign of the response. This uncertainty may
change the response of the Asian monsoon to aerosol
forcing, including our current results.

Internal climate variability of the Asian monsoon
The inter-ensemble spread of the changes in precipi-
tation over India was not small (supplemental figures
in Bollasina et al. (2011)). The strong association with
observed changes can be explained by the aerosol forcing
or internal climate variability of the climate system. In
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Fig. 9 As in Fig. 4 but for DJF

their three-ensemble experiments designed to understand
the impact of aerosols (GHGs), Bollasina et al. (2011)
reported that one ensemble member showed a slight
increasing trend (decreasing trend), whereas the three-
ensemble mean exhibited a decreasing (increasing) trend.
These results suggest that the internal climate variability
of South Asia was not negligible, although the decreas-
ing trends in precipitation found in multiple obser-
vational datasets were reliable. In terms of the inter-
ensemble spread in our experiments, the results showed
that the changes in precipitation over the Asian mon-
soon region and changes in the meridional SAT gra-
dient showed the same sign, respectively, although we
should have increased the number of ensemble mem-
bers, to strengthen this conclusion. In addition, Salzmann
et al. (2014) supports a possible effect of internal vari-
ability on the observed trend in precipitation over South

Asia, based on analysis of the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) dataset. To determine
whether aerosol forcing or internal climate variability can
explain the decrease in precipitation over the Asian mon-
soon region, including our current results, many ensemble
experiments may be needed in future studies. However,
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this approach can only clarify responses of cloud and pre-
cipitation to an increase in aerosols in a current CGCM,
which cannot essentially improve the understanding of
the processes of aerosol-cloud-precipitation interactions.
Therefore, both uncertainties should be improved by dif-
ferent approaches.

Conclusions
This study used a CGCM to investigate the effects of
increases in aerosols during the period from the preindus-
trial era to the present. Three-ensemble historical (HIST)
and sensitivity experiments (piAERO) were conducted
for a 156-year period (1850–2005). The parameters of
piAERO were the same as those for HIST, except that
the emissions of anthropogenic aerosols were kept at
preindustrial values.
The results showed that precipitation decreased over

the tropical Asian monsoon region during both summer
and winter. This decrease in precipitation corresponded
to a decrease in precipitable water due to the cooling in
SAT mainly over the adjacent oceans. The cooling was
explained by the sum of the direct and indirect effects of
aerosols. In addition, the decrease in precipitation over
the Indian Ocean/Asian monsoon region, coupled with
the increase over the Maritime Continent/western South
Pacific, is likely associated with changes in the Walker
circulation over the eastern Indian Ocean, Maritime
Continent, and western Pacific Ocean. As a part of
the Walker circulation, the anomalous vertical motions
were consistent with the changes in precipitation. The
modulation of the Walker circulation can be explained
by the east-west horizontal SAT gradient between the
Indian Ocean/Asian monsoon region and the Maritime
Continent/western South Pacific due to heterogeneous
increases in aerosols.
A southward shift of the ITCZ was simulated only

over the equatorial Pacific Ocean particularly in boreal
summer and winter, which can also be explained by the
meridionally asymmetrical SAT response to aerosols. It
was found that the changes in local Hadley circulation
were not clear over the Asianmonsoon region, which can-
not explain the decrease in precipitation over the tropical
Asian monsoon region.
The detailed spatial patterns of the decrease in precip-

itation over the Asian monsoon region were simulated.
Interestingly, a decrease in precipitation was found along
the major routes of the convectively coupled tropical dis-
turbances in both boreal summer and winter, although the
routes vary seasonally.
In this and related previous studies, cloud and precipi-

tation responses to aerosols showed non-negligible uncer-
tainty, particularly in the tropics. Changes in the simulated
response of cloud and precipitation due to model uncer-
tainty can be considered as major sources of uncertainty.

Therefore, additional studies are required to gain a better
understanding of the aerosol effects.
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