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ABSTRACT

Changes of the Asian summer monsoon in response to anthropogenic forcing are examined using obser-
vations and phase 5 of the Coupled Model Intercomparison Project (CMIP5) multimodel, multirealization
ensemble. In the twentieth century, CMIP5 models indicate a predominantly drying Asian monsoon, while in
the twenty-first century under the representative concentration pathway 8.5 (RCP8.5) scenario, monsoon
rainfall enhances across the entire Asian domain. The thermodynamic and dynamic mechanisms causing the
changes are evaluated using specific humidity and winds, as well as the moisture budget. The drying trend in
the CMIPS5 historical simulations and the wetting trend in the RCP8.5 projections can be explained by the
relative importance of dynamic and thermodynamic contributions to the total mean moisture convergence.
While the thermodynamic mechanism dominates in the future, the historical rainfall changes are dominated
by the changes in circulation. The relative contributions of aerosols and greenhouse gases (GHGs) on the
historical monsoon change are further examined using CMIPS single-forcing simulations. Rainfall reduces
under aerosol forcing and increases under GHG forcing. Aerosol forcing dominates over the greenhouse
effect during the historical period, leading to the general drying trend in the all-forcing simulations. While the
thermodynamic change of mean moisture convergence in the all-forcing case is dominated by the GHG
forcing, the dynamic change of mean moisture convergence in the all-forcing case is dominated by the aerosol
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forcing.

1. Introduction

With its large population, increasing industrial de-
velopment, and severe water stresses, Asia is one of the
most vulnerable regions in the world facing hydro-
climate changes. Piao et al. (2010) assessed the impacts
of climate change on water resources and agriculture in
China, suggesting a 20% crop production decrease by
2050 under the worst case scenario. However, the
overall impact is far from certain because of the high
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variability and uncertainty in projected climate, partic-
ularly precipitation, and the corresponding crop re-
sponses. The Asian monsoon is one of the major
monsoon systems in the world, with critical importance
in terms of climate impacts in Asia and globally (e.g.,
Rodwell and Hoskins 1996; Liu and Yanai 2001; Lin and
Wu 2012). Analyzing and understanding the character-
istics of monsoon change has important implications for
various socioeconomic sectors and human well-being,
including water resource management, agriculture,
ecosystem service, food security, and public health (e.g.,
Krishna Kumar et al. 2004; Hong and Kim 2011;
Mirza 2011).

The Asian monsoon is an interactive system influ-
enced by both internal variability and external forcing
(e.g., Lei et al. 2011; Turner and Annamalai 2012; Song
et al. 2014). There have been extensive observational,
modeling, as well as paleoclimate studies on Asian
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monsoon variability, particularly on interannual time
scales, revealing strong associations with El Nifio—
Southern Oscillation (e.g., Wang et al. 2000; Krishna
Kumar et al. 2006; Lau and Nath 2006; Cook et al. 2010;
Mishra et al. 2012). However, anthropogenic factors,
particularly the increasing concentration of greenhouse
gases (GHGs) and changing aerosol emissions in recent
decades and the future, could have profound conse-
quences on monsoon behavior. For the forced change of
Asian monsoon during the past century, several studies
have addressed the weakening monsoon circulation
during the second half of the twentieth century, for both
Indian monsoon (Annamalai et al. 2013) and East Asian
monsoon (Song et al. 2014). As for future projections,
modeling studies suggest intensification of future mon-
soon under global warming, in both mean precipitation
and extreme events (Ueda et al. 2006; Seo et al. 2013;
Wang et al. 2014). Understanding how the monsoon may
change in the future and why the changes occur is a
challenging task for hydroclimate research.

Previous studies have advanced our understanding of
the physical mechanisms causing the changes of the
hydrological cycle in response to global warming on a
global scale. For large-scale changes, the “wet get
wetter” or “rich get richer” mechanism (Held and Soden
2006) emphasizes the thermodynamic effect resulting
from the increase in lower-tropospheric water vapor in a
warming atmosphere. Based on the Clausius—-Clapeyron
equation, the amount of saturation vapor pressure in-
creases at a rate of about 7% K~'. Consequently, hori-
zontal moisture transport increases within the
atmosphere, leading to enhanced precipitation minus
evaporation (P — E) where mean moisture converges
and reduced P — E where moisture diverges. However,
precipitation increases are also controlled by the
radiative (energy) constraints (e.g., Takahashi 2009;
O’Gorman et al. 2012), making the rate of precipitation
increase less than the 7% K '. As a consequence, the
atmospheric overturning circulation slows down as cli-
mate warms, especially for the Walker circulation in the
tropics (Vecchi and Soden 2007). Using moisture budget
analysis, Seager et al. (2010) show that the global P — E
change follows the wet-get-wetter pattern with a large
part of this change coming from the thermodynamic
component because of the rise in specific humidity.
Seager et al. (2010) further show that, in the tropics,
circulation changes (dynamic contribution) offset some
of the thermodynamic change because of the slowdown
of the tropical divergent circulation. Based on an eval-
uation on tropical regional precipitation change, Chou
etal. (2009) find that the thermodynamic component is a
good approximation for large-scale averages, but dy-
namic feedback can substantially increase or decrease
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precipitation anomalies within the convergence zones.
For spatial distribution of the tropical rainfall response,
another fundamental view is the “warmer get wetter”
mechanism (Xie et al. 2010) over the tropical ocean,
suggesting that precipitation increases where the sea
surface temperature (SST) warming exceeds the tropical
mean and vice versa.

For the mechanisms of Asian monsoon change, rain-
fall is expected to increase under GHG-induced warm-
ing mainly because of more abundant tropospheric
water vapor, following the wet-get-wetter mechanism,
accompanied by the weakening monsoon circulation
(Ueda et al. 2006). Studies using model projections from
phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP3 and CMIP5) suggest that the monsoon
rainfall is likely to strengthen globally in the future be-
cause of enhanced atmospheric moisture and surface
evaporation, leading to an increase in moisture conver-
gence (Kitoh et al. 2013; Lee and Wang 2014). In the
Asian monsoon region, the dynamical weakening of
monsoon circulation is shown to be much lower than
that of other monsoons, resulting in a larger rainfall in-
crease (Endo and Kitoh 2014). Greenhouse warming
could also induce horizontal thermal contrasts, favoring
the Asian monsoon precipitation to increase: the east—
west asymmetry in the sea level pressure (SLP) field
generated by the “warmer land—cool ocean” and the
hemispheric SLP difference generated by the “warm
Northern Hemisphere—cool Southern Hemisphere”
(Wang et al. 2014). However, SST warming associated
with increasing GHGs over the tropical western Pacific
could affect atmospheric circulation and cause a drying
trend over South Asia (Annamalai et al. 2013).

Aerosol effect is another major driver of anthropo-
genic climate change, particularly over Asia, consider-
ing its severe air pollution problem in recent years. The
possible impacts of aerosols on rainfall have drawn
much attention in recent Asian monsoon research (e.g.,
Bollasina et al. 2011; Ganguly et al. 2012a,b; Wu et al.
2013). Increased aerosol concentration in the atmo-
sphere could reduce the surface solar radiation
(“dimming” effect), which weakens the SST gradient in
the Indian Ocean and reduces local Hadley cell circulation,
thereby weakening the Indian monsoon (Ramanathan
et al. 2005). On the other hand, the ‘“elevated heat
pump”” hypothesis (Lau et al. 2006) suggests that aero-
sols could enhance the meridional temperature gradient
in the middle-to-upper troposphere, causing an ad-
vancement and intensification of the Indian summer
monsoon rainfall.

Although there is a general consensus on the large-
scale thermodynamic mechanism of hydroclimate
change, the dynamic response is not well understood.
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FIG. 1. Linear trend of JJA precipitation (mm day ! decade ') for (a) GPCC 1901-2005 data, (b) CRU 1901-2005 data, (c) CMIP5
35-model MMM historical 1901-2005 simulations, and (d) CMIP5 RCP8.5 2006-99 simulations. For observations in (a),(b), only the grid
boxes where at least one rain gauge existed in any month of the JJA season for at least 80 yr are plotted. Stippling denotes 5% significance
based on two-sided Student’s 7 test in (a),(b) and 26 of 35 model agreement in (c),(d).

Furthermore, the effects of climate change on the re-
gional scale, especially monsoon strength and variabil-
ity, are complex and uncertain (Christensen et al. 2014).
The question of how Asian monsoon rainfall and cir-
culation may respond to future anthropogenic forcing,
including both aerosols and GHGs, is far from
conclusive.

Observed linear trend of Asian summer monsoon
rainfall (June-August mean from 1901 to 2005) shows
large uncertainty but with a slight wetting trend for the
area average (Figs. 1a,b). We used two available rainfall
datasets for the estimate of linear trend in Fig. 1, the
Global Precipitation Climatology Centre (GPCC;
Fig. 1a) and the Climate Research Unit (CRU) at the
University of East Anglia (Fig. 1b) (see section 2 for
detailed information on these datasets), and the trends
are shown only for those grid boxes where at least one

rain gauge existed in any month of the June-August
(JJA) season for at least 80 yr. The CMIP5 multimodel
simulated linear trend over the same time period
presents a dominant drying signal over most of the Asian
monsoon region, particularly over China and north-
eastern India (Fig. 1c). The modeled historical trend
(Fig. 1c) shows some similarity with the observations
(Figs. 1a,b) over India, while the discrepancy is large
over eastern China, where the data coverage is relatively
poor. On the other hand, future projection under the
representative concentration pathway 8.5 (RCP8.5)
emission scenario presents a predominantly wetting
trend across the entire monsoon region (Fig. 1d). The
discrepancies between observations and model simula-
tions as well as the contrast between past and future
changes motivate us to examine further the causal
mechanisms and to explore the relative effects of
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aerosols and GHGs for the historical period. Given the
complex nature of the radiative forcing for the twentieth
century with both anthropogenic aerosols and GHGs as
well as other natural radiative forcing and the large
monsoon variability on interannual and decadal time
scales, the linear trend may not be able to accurately
represent anthropogenic changes. Thus, it is essential to
obtain a better estimate of the forced signal and separate
the radiatively forced component for Asian monsoon
rainfall from the natural varying component. We used
the signal-to-noise (S/N) maximizing empirical orthog-
onal function (EOF) (Ting et al. 2009) technique in this
study to obtain a model-based best estimate of the ra-
diatively forced signal in monsoon rainfall.

We examined Asian summer monsoon patterns in
response to anthropogenic forcing for JJA seasonal
mean using observations and the CMIP5 multimodel
ensemble historical simulations under the all-forcing,
aerosol-forcing, and GHG-forcing scenarios and future
projections under the RCP8.5 emission scenario. The
main focus of this study is to investigate the possible
causes of these changes for both the twentieth and
twenty-first centuries, including 1) the thermodynamic
and dynamic mechanisms and 2) the relative impacts of
aerosols and GHGs. The paper is organized as follows:
Section 2 describes observed datasets and model simu-
lations used in the study. Section 3 presents methodol-
ogy of the analysis. Results regarding forced changes of
Asian summer monsoon rainfall in the twentieth and
twenty-first centuries are shown in section 4, followed
by a detailed analysis of the dynamic and thermody-
namic mechanisms governing these changes in section 5.
The relative roles of aerosols and GHGs in contributing
to monsoon rainfall changes during the historical period
are discussed in section 6. The main conclusions are
summarized in section 7.

2. Data
a. Observational and reanalysis data

We used monthly data from two gridded observa-
tional datasets for precipitation: the GPCC full data
product, version 6, from the World Climate Research
Programme (WCRP) Global Climate Observing System
(GCOS) (Schneider et al. 2011) and data from CRU at
the University of East Anglia, version 3.2 (Harris et al.
2014). The spatial resolution is 0.5° X 0.5° for both data-
sets, interpolated to 1° X 1° to allow for a higher rain
gauge count within each grid box. Only the grid boxes
where at least one rain gauge existed in any month of the
JJA season for at least 80 yr during the 1901-2005 period
were used in the analysis in order to improve the data
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reliability. We used monthly data from the National
Oceanic and Atmospheric Administration (NOAA)/
National Climatic Data Center (NCDC) Extended Re-
constructed Sea Surface Temperatures (ERSST), ver-
sion 3b (Smith et al. 2008), for SST and the Twentieth
Century Reanalysis (20CR) project, version 2 (Compo
et al. 2011), for specific humidity and winds, both with a
2° X 2° spatial resolution.

b. CMIP5 model simulations

Model simulations in this study include a multimodel
ensemble from the WCRP CMIP5 models (Taylor et al.
2012) data output. Based on monthly data availability,
including precipitation, specific humidity, and wind
fields, we used all realizations of 35 models for historical
simulations and future projections under the high-end
RCP8.5 emission scenario. Altogether, 109 realizations
were analyzed for the historical period and 72 re-
alizations were analyzed for RCP8.5. For single-forcing
simulations, we used all realizations of a common set of
nine models for aerosol-forcing (27 realizations) and
GHG-forcing (29 realizations) experiments. To avoid
model bias, the results were compared with historical
all-forcing simulations using the same nine models (45
realizations). Details of CMIP5 model simulations are
provided in Table 1. All model output were interpolated
to a 1° X 1° spatial resolution for precipitation and 2° X
2° for SST, specific humidity, and winds.

3. Methods
a. S/N maximizing EOF analysis

We applied S/N maximizing EOF analysis (Allen and
Smith 1997; Venzke et al. 1999; Chang et al. 2000) to JJA
seasonal average rainfall of the CMIP5 ensemble to
extract the externally forced signal, as in Ting et al.
(2009). To focus on long-term low-frequency changes,
an 11-yr running average was applied to the JJA sea-
sonal mean data prior to the analysis. Given the multi-
model, multirealization ensemble, the total covariance
matrix of the ensemble mean can be assumed as a sum of
two linearly independent matrices, one for forced signal
and one for internal variability (climate noise). We first
determined the spatial structure of the internal modes of
variability through an EOF analysis on the noise matrix,
formed using the second century of rainfall anomalies in
the preindustrial control run for each of the corre-
sponding CMIP5 model in the analysis. These noise
EOFs (retaining 80% of the total variance) were used to
form a spatial prewhitening transformation matrix to
filter the internal variability that was not removed by
multimodel ensemble averaging, so that the spatial
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TABLE 1. List of CMIPS models and the number of realizations
used in the study. Asterisks denote the common set of nine
models examined for single-forcing simulations. (Expansions for
model name acronyms are available at http://www.ametsoc.org/
PubsAcronymList.)

Model

ACCESS1.0 1
ACCESS1.3
BCC_CSM1.1
BCC_CSM1.1(m)
BNU-ESM
CanESM2*

CCSM4
CESM1(BGC)
CESM1(CAMS5)
CMCC-CESM
CMCC-CM
CMCC-CMS
CNRM-CM5 1
CSIRO MKk3.6.0% 1
FGOALS-g2*
FIO-ESM

GFDL CM3*
GFDL-ESM2G
GFDL-ESM2M*
GISS-E2-H*
GISS-E2-R*
HadGEM2-CC
HadGEM2-ES
INM-CM4
IPSL-CM5A-LR*
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC-ESM
MIROC-ESM-CHEM
MIROCS5
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M*
NorESM1-ME

Historical RCP8.5 Aerosol GHG

—_

—_

R WWWLWLUFR WL NN, RPNV, P, ONWLWROOR,RPRPRPRPWLWRONWVE WWER
R R, PP WWRRRPRRAERRARRPNRPRPPRRPRPPRRQROO0VR, R, PRPRRQPRON0NR R~ R

covariance in the ensemble average is largely due to
forced change. The leading EOF mode of the ensemble
mean gives the dominant forced signal. Using the S/N
leading principal component (PC1) as the forced index,
we construct the forced patterns of rainfall, moisture,
circulation, and moisture budget fields using regression
analysis. In obtaining the multimodel mean (MMM) in
this study, we first computed the ensemble mean for
each model and then performed multimodel ensemble
average using each model’s ensemble mean. While this
method may be affected by the models with fewer
realizations—models with only single realization, in
particular, thus contribute toward larger amplitudes of
internal fluctuations—it has a certain advantage in terms
of reducing the risk of greatly biasing toward models
with more ensemble members. We used all available
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realizations instead of using just one realization for each
model because it provides a much larger ensemble set to
eliminate internal variability.

b. Moisture budget analysis

The atmospheric moisture budget equation (Trenberth
and Guillemot 1995; Seager and Henderson 2013; Seager
etal.2010,2014) gives the balance between P — E and the
convergence of the vertically integrated atmospheric
moisture flux for monthly or longer time averages
(Trenberth and Guillemot 1995). In pressure co-
ordinates, the balance can be expressed as follows:

— 1 Py
P—E=——V-J ugdp, (1)
8P, 0

where P is precipitation, E is evaporation, g is gravita-
tional acceleration, p,, is the density of water, p is pres-
sure, ps is surface pressure, u is the horizontal wind
vector (u = ui + vj), and ¢ is specific humidity. Overbars
represent monthly mean values. The vertical integral in
Eq. (1) is calculated as the sum over pressure levels, so
we rewrite Eq. (1) as

_ 1 K _
P-E~— V. Z “quAPk, (2)
8Py, k=1

where k is the vertical level with a total of K levels and Ap
is the pressure thickness. Here the calculation is per-
formed on pressure levels from 1000 to 200 hPa. The total
Kis 10levels in CMIP5 models. We neglected submonthly
variations of surface pressure since this introduces no
significant error (Seager and Henderson 2013).

We then denote departures from monthly means with
primes; therefore,

u=u+v and ¢g=7+4. (3)

Thus, the monthly mean moisture flux can be ex-
pressed as

g=uqg+uq. 4

Separating the moisture divergence term into contri-
butions of mean flow term and submonthly transient
eddies, Eq. (2) can be written as

- 1 § — 1 i—_
P-E~—V. ) uqAp, ——V- D uq, Ap, .
8Py, k=1 KTk 8Py k=1 Kk =Tk

(5)

For the Asian monsoon region, the mean moisture
-1 K _ _ —

convergence term —(gp,) V- D WG Ap, tends to

balance well with P — E, in terms of both climatology
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and changes. Therefore, we focus on this term for fur-
ther analysis. To gain more understanding of the
mechanisms governing the changes in the moisture
budget, we further separate the total changes in mean
moisture convergence into those resulting from changes
in specific humidity (the thermodynamic component)
and those resulting from changes in circulation (the
dynamic component), as in Seager et al. (2010, 2014),

1 § — LS
-—V. uq,Ap, =
8P, k=1 KTk W
Ly.y
=——V.
8p,, k=1
1 K
—— V.
8Py, k=1

Taking the difference on both sides of Eq. (7) and
ignoring the quadratic term by assuming small ampli-
tude in perturbation quantity, the total change of the
mean moisture convergence (68MC) can be approxi-
mated as follows:

[ S Lo i
6|—V- ﬁquApk ~0 _7V'2ﬁk,ch,aApk

gpw k=1

1 K —
+6 ——V~Zﬁk’aqk’cApk ,

gpw k:1
®)

where the first term on the right-hand side represents
the thermodynamic contribution (6§TH), involving
only changes in specific humidity g, and the second
term represents the dynamic contribution (6DY), in-
volving only changes in circulation u. In this study, the
change 6 was calculated as the regression coefficient of
the quantity onto the forced index (standardized
S/N PC1).

4. Forced changes of Asian summer monsoon
rainfall in CMIPS models and observations

a. S/N maximizing EOFI and PCI

The S/N maximizing EOF analysis was performed on
the 11-yr running mean JJA seasonal mean land pre-
cipitation for the Asian monsoon region (5°-55°N, 60°—
150°E) in the CMIP5 model ensemble. We used the time
period 1901-2000 for historical and 2011-94 for RCP8.5.
The spatial structures and principal components of the
leading S/N EOF modes are given in Fig. 2. For the
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u=uw.+u, g=q.tq,, (6)
here we denote monthly climatological values with
subscript c, calculated using the time period 1900-49
given the weak anthropogenic forcing during this
period, and anomalies with subscript a. Then the
mean moisture convergence term can be derived as

follows:

1 S
——V- > (W, + U )G, T )AP,
8p k=1 ’

K —_—
by W Gy APy
k=1

w
K

™)

w k=1

historical period, the dominant signal is a drying trend
across South and East Asian monsoon domains
(Fig. 2a), explaining 47% of the total variance. The S/N
PC1 (Fig. 2c) shows there is a sharp increasing trend of
the drying signal from 1940 to the late 1960s followed
by a relatively flat period afterward. For RCP8.5, there
is a clear wetting signal over the entire region (Fig. 2b)
with an almost linear trend throughout the twenty-first
century (Fig. 2d). This first mode explains a high per-
centage (83%) of the total variance, indicating that the
externally forced variability of Asian summer monsoon
rainfall in the future can be well represented by this
uniformly wetting trend.

b. Forced twentieth- and twenty-first-century rainfall
changes and associated SST patterns

Figure 3 shows the observed (Fig. 3a) and model sim-
ulated (Fig. 3b) Asian summer (JJA) monsoon rainfall
regressed onto standardized S/N PC1 using CRU data
and CMIP5 historical ensemble, respectively, and CMIP5
RCP8.5 simulations (Fig. 3c). We chose the CRU data
because of its relatively high station coverage with con-
tinuous rain gauge observations, as shown in Fig. 1b. Note
that the color scales are different in Fig. 3 for observa-
tions, CMIP5 MMM historical simulations, and RCP8.5
future simulations in order to bring out more detailed
structures in each case. While the observed regression
associated with S/N PC1 (Fig. 3a) shows some similarities
to the linear trend in Fig. 1b, it does indicate more drying
trend overall, particularly for the region between 20° and
35°N, than that shown in the linear trend. The CMIP5
historical MMM (Fig. 3c), on the other hand, indicates a
predominantly drying trend expanding from eastern
China to northern India. The discrepancy between model
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FIG. 2. First EOF mode of S/N maximizing EOF analysis of 11-yr running mean filtered JJA precipitation for CMIPS5 (left) historical
1901-2000 and (right) RCP8.5 2011-94 simulations. (a),(b) Spatial structures and (c),(d) standardized leading principal components

(SN PC1).

simulations and observations lies in the regions south of
20°N and north of 35°N along the east coasts of Asia
continent, where observations indicate a wetting trend
and models showing mostly drying. It is not clear whether
this discrepancy between model and observations is due to
uncertainty in observations or model deficiencies. As for
future model projected change under the RCP8.5 scenario
(Fig. 3e), monsoon rainfall enhances across the entire
Asian domain with relatively high model agreement.
The associated SST patterns (Figs. 3b,d,f), calculated
as regressions of global SST onto the forced rainfall in-
dices (standardized S/N PCl1) display clear global
warming trends in models and observations, aside
from a strong cooling in northern North Atlantic in
observations. There are, however, subtle differences in
spatial patterns of SST in Fig. 3. As an example, the
weak cooling off the east coast of China and Japan in
Fig. 3d is not present in Figs. 3b,f. How much of the

regional SST features may have contributed to the dif-
ferences in rainfall patterns in Fig. 3 will be explored in
future studies. However, the overall agreement in SST
patterns between models and observations in Fig. 3
suggests that the forced SST pattern may not be the
dominant driver of the differences between modeled
and observed historical precipitation trends or between
modeled past and future precipitation trends.

5. Thermodynamic and dynamic mechanisms of
twentieth- and twenty-first-century Asian
summer monsoon changes

a. Changes in moisture content and monsoon
circulation

To explore the physical processes leading to the
monsoon rainfall change in CMIP5 models, we
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FIG. 3. Regressions of JJA (a),(c),(e) precipitation (mm day ') and (b),(d),(f) global SST (°C) onto standardized S/N PC1 for (a),(b)
observations 1901-2000 [CRU in (a) and ERSST in (b)], (¢),(d) CMIPS 35-model MMM historical 1901-2000 simulations, and (e),(f)
CMIP5 RCP8.5 2011-94 simulations. Stippling denotes 5% significance based on two-sided Student’s ¢ test in (a),(b) and 26 of 35 model
agreement in (c)—(f).

examined moisture and circulation changes using while CMIPS modelsindicate reduced summer monsoon
850-hPa specific humidity and horizontal wind fields, circulation for both Indian and East Asian monsoon
as shown in Fig. 4. In all cases, the lower troposphere in historical simulations (Fig. 4d). In the twenty-first-
moistens up as the temperature increases (Figs. 4a,c.e). century RCP8.5 projections (Fig. 4f), the Indian
The monsoon circulation intensifies in 20CR (Fig. 4b), monsoon circulation tends to be shifted northward
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FIG. 4. Regressions of JJA (a),(c),(e) specific humidity (gkg™") and (b),(d),(f) wind (ms~") at 850 hPa onto standardized rainfall S/N
PCI for (a),(b) 20CR 1901-2000, (c),(d) CMIP5 35-model MMM historical 1901-2000, and (e),(f) CMIP5 RCP8.5 2011-94 simulations. In

(b),(d),(f), arrows are vectors of regression coefficients of u; colors show the regression coefficients of wind velocity. Stippling denotes 5%
significance based on two-sided Student’s ¢ test in (a),(b) and 26 of 35 model agreement in (c)—(f).
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with a strong decrease in the south, while the East Asian
monsoon circulation is enhanced.

The results in Fig. 4 indicate that the forced monsoon
rainfall change is associated with a general increase in
atmospheric moisture content for historical observa-
tions and model simulations, as well as for the future
climate, whereas the monsoon circulation change differs
in each of the three cases. This suggests that the differ-
ences in forced monsoon rainfall changes in Fig. 3 may
have been caused by the discrepancies in the circulation
responses. In observations, the increase of moisture and
intensification of circulation both contribute toward the
enhancement of monsoon rainfall. In historical model
simulations, the weakened circulation may have domi-
nated over the increased moisture content, resulting in
an overall drying. However, in the twenty-first century,
increasing water vapor as a result of greenhouse warm-
ing is much stronger than in the historical period (note
that the color scale in Fig. 4e is an order of magnitude
larger than in Fig. 4c), leading to greatly enhanced
summer monsoon rainfall. These mechanisms will be
further explored in the next subsection using moisture
budget analysis within the CMIP5 modeling framework.

b. Changes in moisture budget

Figure 5 shows the regressions of P — E (Figs. 5a,b),
the mean moisture convergence (Figs. 5c,d), and the
thermodynamic (Figs. Se.f) and the dynamic (Figs. 5Sg,h)
components of the mean moisture convergence, onto
the standardized S/N PC1 for CMIP5 historical (left
column) and RCP8.5 (right column) MMM. For both
the historical and RCP8.5 model simulations, there is a
good agreement between changes in P—E and the
mean moisture convergence (Figs. 5a,b), indicating a
relatively minor contribution due to transient moisture
convergence in the monsoon region. During the histor-
ical period in CMIP5, 8P — 6E (Fig. 5a) and the total
S8MC (Fig. 5c) display a general drying pattern over the
monsoon domain, consistent with the corresponding
precipitation regression (Fig. 3c). There are general
decreases in evaporation (not shown), resulting in a less
negative and, in some areas, a slight positive P — E
change in Fig. 5a. The thermodynamic contribution to
the mean moisture convergence change §TH (Fig. 5Se)
shows increasing moisture convergence while the dy-
namic contribution DY (Fig. S5g) shows a strong de-
crease in moisture convergence. The overall decrease in
mean moisture convergence in Fig. Sc indicates that the
dynamic contribution (Fig. 5g) dominates over the
thermodynamic contribution (Fig. Se) during the his-
torical period. Thus, the drying trend in the twentieth
century is mainly due to the weakening monsoon cir-
culation. For the future using the RCP8.5 scenario, on
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the other hand, the increase in mean moisture conver-
gence (Fig. 5d) is dominated by the increasing moisture
convergence in the thermodynamic contribution
(Fig. 5f), which shows a general increase in the Asian
monsoon region, consistent with the rich-get-richer
mechanism (Held and Soden 2006). The dynamic con-
tribution (Fig. 5h) shows a weakened moisture con-
vergence over the Asian monsoon region, indicating
anomalous mass divergence in the region. The contri-
butions of the dynamic component (Figs. 5g,h) are
supported by the forced patterns of the 500-hPa vertical
pressure velocity (w) field (not shown), with anomalous
descending motion in the monsoon region for both the
historical period and RCP8.5. In summary, the dis-
crepancies between the drying trend in the historical
simulations and the wetting trend in the RCP8.5 future
scenario can be explained by the relative importance of
dynamic and thermodynamic contributions to the total
mean moisture convergence. While the thermody-
namic mechanism dominates in the future because of
enhanced warming, the historical monsoon rainfall
changes are dominated by the changes in monsoon
circulation.

To further quantify the relative contributions of sTH
and DY, we examined the temporal evolution of the
thermodynamic and dynamic terms in Eq. (7), averaged
over land area of the major monsoon domain, 5°-35°N,
70°-122°E. The anomalies were calculated with respect
to 190049 climatology. The MMM results for the 35
CMIPS5 models are shown in Fig. 6 for historical 1900—
2005 (Fig. 6a) and RCP8.52006-99 (Fig. 6b) simulations.
An 11-yr running mean was applied to smooth the time
series in order to emphasize the long-term trend. During
the historical period, the dynamic component (blue line)
exhibits a downward trend while the thermodynamic
component (red line) trends upward. The evolution of
the total mean moisture convergence anomaly (black
line) is dominated by the dynamical weakening until the
late 1960s, followed by a reversed trend due to the
thermodynamic contribution from 1970 onward. For
RCP8.5, the total mean moisture convergence follows
the strong upward trend of the thermodynamic contri-
bution with little change in the dynamic component of
the moisture convergence. In both cases, the total mean
moisture convergence (black line) balances well with the
P — E (green line), with minor departures resulting from
the transient eddy contribution. It is clear that, in the
future, the total mean moisture convergence, thus
P —E, is predominantly controlled by the thermody-
namic wet-get-wetter mechanism (Held and Soden
2006): the significant increase of water vapor content in
the atmosphere associated with greenhouse warming
leads to an enhanced hydrological cycle and the increase
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FIG. 5. Regressions of JJA (a),(b) P — E, (c),(d) the total mean moisture convergence, (e),(f) the thermo-
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of monsoon rainfall. Previous studies have addressed the
weakening tropical circulation as a robust response to a
warmer climate (Vecchi and Soden 2007; Chadwick
etal.2013). Our results here indicate that the reduction
of the dynamic component is small in the twenty-first
century, which is consistent with the findings of Endo
and Kitoh (2014), suggesting that the dynamical
weakening of the Asian monsoon is less than that of
other monsoons in future projections using both
CMIP3 and CMIP5 models, possibly because of its
distinctive geographical characteristics. It is interesting
to note the reversal of the historical moisture conver-
gence trend starting in the early 1970s in Fig. 6a, which
coincides well with the flattening of the drying trend in
the S/N PC1 in Fig. 2c. The strong drying trend be-
tween 1940 and 1970 in Fig. 2c can be largely attributed
to the relatively weak increase in thermodynamic
component but a large decrease in the dynamic com-
ponent in Fig. 6a, which will be discussed in more detail
in section 6.

6. Attributing historical changes to the relative
roles of aerosols and GHGs

a. Twentieth-century rainfall changes forced by
aerosols and GHGs

To examine the relative roles of aerosol and GHGs on
monsoon change during the historical period, we further
applied S/N maximizing EOF analysis to JJA rainfall on
CMIPS aerosol-only and GHG-only forcing runs using a
common set of nine models (see Table 1). The dominant

mode in the all-forcing case using the nine models ex-
plains 49% of the total variance as compared to 47% in
the case of using all 35 models (Fig. 2c). For the aerosol-
only and GHG-only forcing cases, the first S/N EOF
mode explains 54% and 34% of the total variance,
respectively.

Regressions of rainfall onto the standardized S/N PC1
under all forcing (Fig. 7a), aerosol forcing (Fig. 7¢), and
GHG forcing (Fig. 7e) are shown in Fig. 7, as well as the
standardized S/N PC1 indices (Figs. 7b,d,f). As illus-
trated by the regression plots, rainfall reduces under
aerosol forcing (Fig. 7c) and increases under GHG
forcing (Fig. 7e). The principal components display clear
upward trends throughout the twentieth century. The
total change (Fig. 7a) depends on the relative strengths
of these two competing effects. Figure 7a suggests that
aerosol forcing dominates over the greenhouse effect for
the historical period and leads to the general drying
trend in CMIP5’s historical all-forcing simulations.

b. Changes in moisture content and monsoon
circulation

We also examined 850-hPa specific humidity and wind
fields to evaluate the thermodynamic and dynamic
changes, as shown in Fig. 8. For moisture, lower-
tropospheric water vapor reduces under aerosol effect
(Fig. 8c) while enhancing greatly under greenhouse
warming (Fig. 8¢) as expected. The overall change in
lower-tropospheric water vapor in the all-forcing sce-
nario (Fig. 8a) is dominated by greenhouse warming.
For the wind field, aerosols weaken the low-level mon-
soon circulation (Fig. 8d) while greenhouse effect shifts
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FIG. 7. (a),(c),(e) Regressions of JJA precipitation (mm day ') onto (b),(d),(f) standardized rainfall S/N PC1 from 1901 to 2000 for
CMIPS5 nine-model MMM historical (a),(b) all-forcing, (c),(d) aerosol-forcing, and (e),(f) GHG-forcing simulations. Stippling denotes 7
of 9 model agreement.
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Indian monsoon circulation northward and enhances
East Asian monsoon circulation (Fig. 8f), similar to
that for the RCP8.5 scenario in Fig. 4f. In this case,
aerosol effect clearly dominates the monsoon wind
change, resulting in weakened total monsoon circula-
tion (Fig. 8b).

The roles of aerosol forcing and GHG forcing were
further examined by taking the differences between all-
forcing and GHG-forcing simulations and between all-
forcing and aerosol-forcing simulations for the late
twentieth century (1971-2005), respectively. The re-
sulting monsoon rainfall and circulation differences (not
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shown) are very similar to that in Figs. 7 and 8, con-
firming the robustness of the S/N EOF method for es-
timating the forced signals.

c. Changes in moisture budget

Figure 9 shows the spatial distribution of changes in
moisture budget terms under all-forcing, aerosol-
forcing, and GHG-forcing scenarios. The all-forcing
(left column in Fig. 9) results are in gross agreement with
those in Figs. 5c,e,g using a large set (35) of CMIP5
historical simulations, indicating that the results are
relatively robust. Under aerosol forcing (center column
in Fig. 9), 6TH (Fig. 9¢) and 6DY (Fig. 9h) both show
decreased moisture convergence over the monsoon do-
main, leading to the much reduced mean moisture

convergence (Fig. 9b). The dynamical weakening is
particularly strong over India, Myanmar, as well as
eastern China, while 6TH is particularly strong over
central China. Under GHG forcing (right column in
Fig. 9), 6TH (Fig. 9f) shows clearly enhanced moisture
convergence across the monsoon domain, while 6DY
(Fig. 91) indicates dynamical weakening over most parts
of southern China, India, and Indo-China regions. The
total SMC is predominantly driven by the thermody-
namic enhancement, resulting in an overall strong con-
vergence pattern (Fig. 9¢c). Consistent with Fig. 8, the
thermodynamic change of mean moisture convergence
in the all-forcing case (Fig. 9d) is dominated by the
GHG forcing, while the dynamic change in mean
moisture convergence in the all-forcing case (Fig. 9g) is
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dominated by the aerosol the
historical period.

One interesting feature in Fig. 9 is that the responses
of the mean moisture convergence to aerosol forcing
(Fig. 9b) and GHG forcing (Fig. 9c) over the western
tropical Pacific and the Indian Ocean are very similar in
spatial distribution but with opposite sign. Under aero-
sol (GHG) forcing, there is increased convergence (di-
vergence) to the south of the equator over the Indian
Ocean and increased divergence (convergence) at the
Arabian Sea, Bay of Bengal, and most regions of the
western Pacific. This is consistent with the findings of
Xie et al. (2013), suggesting that the climate responses to
aerosols and GHGs for both precipitation and SST are
spatially similar and opposite in sign over the ocean,
possibly because of the similar ocean—atmosphere
feedbacks. However, our results indicate that the de-
tailed mechanisms contributing to these opposite pat-
terns in Figs. 9b,c may be quite different, with dynamic
contribution dominating in the aerosol-forcing case and
thermodynamic contribution dominating in the GHG-
forcing case.

The relative importance of aerosols and GHGs
was further examined by showing the temporal evolu-
tion of the area-averaged (land domain between 5° and
35°N and between 70° and 122°E) thermody-
namic [~(gp,) 'V X Wk Api] and dynamic
[—(gp) 'V - 1 WG Apy] terms under all-forcing,
aerosol-forcing, and GHG-forcing scenarios. The all-
forcing (Fig. 10a) temporal evolutions of the three
moisture convergence terms are similar to that in Fig. 6a
for 35 models but shown here for the nine models for
direct comparison to the aerosol-only and GHG-only
results. The aerosol-only case (Fig. 10b) shows a de-
creasing moisture convergence in both dynamic (blue)
and thermodynamic (red) terms, resulting in a sharp
decrease in the total mean moisture convergence
(black). On the other hand, the thermodynamic com-
ponent features a robust rising trend of moisture con-
vergence under GHG forcing (red line in Fig. 10c), and a
gradual decrease in the dynamic component (blue), re-
sulting in a large increase in the total mean moisture
convergence (black). It is suggested that the tropical
meridional overturning circulation may slow down to
compensate for the energy imbalance between the
Northern and Southern Hemispheres induced by the
hemispherically asymmetric anthropogenic aerosol
emissions (Bollasina et al. 2011). The exact reason why
there are large changes in atmospheric circulation (dy-
namic changes) because of anthropogenic aerosols as
compared to the GHG forcing (Figs. 10b,c) will be ex-
plored in future studies using atmospheric general cir-
culation model (AGCM) experiments.
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FI1G. 10. Time series of area-averaged anomalies of JJA total
mean moisture convergence (black), the thermodynamic compo-
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to the 1900-49 climatology. The time series are smoothed with an
11-yr running average. Units are millimeters per day.
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The results in Figs. 9 and 10 confirm that aerosol
forcing dominates the drying trend in the CMIPS his-
torical simulations through both dynamic and thermo-
dynamic contributions. Given the discrepancies
between observed and modeled historical monsoon
rainfall trends, this raises the question of whether
aerosol effect is appropriately represented in the CMIP5
models given the uncertainty in aerosol forcing as well as
the aerosol indirect effect. It also questions whether the
RCP8.5 scenario, which gradually phases out the aerosol
forcing, is representative of the future aerosol emission
in the Asian monsoon region and how this uncertainty
may affect the monsoon rainfall future projections.
Nevertheless, it is clear that reducing air pollution in the
Asian monsoon region not only has the benefit of clean
air but also can potentially levitate the drought threats
over the monsoon region in the near future.

7. Summary

Using S/N maximizing EOF analysis on the CMIP5
multimodel, multirealization simulations, we extracted a
model-based best estimate of the externally forced sig-
nal for Asian summer monsoon rainfall. The twentieth-
and twenty-first-century changes of Asian summer
monsoon in response to anthropogenic forcing were
examined using both observational data and CMIP5
model simulations. Results show that in the twentieth
century, CMIP5 models indicate a predominantly drying
pattern expanding from eastern China to northern
India. However, there are significant discrepancies when
compared to the observed pattern. For the twenty-first
century under the RCP8.5 scenario, monsoon rainfall
enhances across the entire Asian domain.

We examined the thermodynamic and dynamic
mechanisms causing these changes for both the histori-
cal and RCP8.5 scenarios using low-level specific hu-
midity, wind, and the moisture budget analysis. Results
reveal that the discrepancies between the drying trend in
the CMIPS5 historical simulations and the wetting trend
in the RCP8.5 projections can be explained by the rel-
ative importance of dynamic and thermodynamic con-
tributions to the total mean moisture convergence.
While thermodynamic mechanism dominates in the fu-
ture, the historical monsoon rainfall changes are domi-
nated by the changes in monsoon circulation.

We further assessed the relative contributions of
aerosols and GHGs on the twentieth-century monsoon
change. Rainfall reduces under aerosol forcing and in-
creases under GHG forcing; thus, the total change de-
pends strongly on the relative strengths of these two
competing effects. During the historical period, aerosol
forcing dominates over the greenhouse effect, leading to
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the general drying trend in CMIP5’s historical all-
forcing simulations. The thermodynamic change of
mean moisture convergence in the all-forcing case is
dominated by the GHG forcing, while the dynamic
change in mean moisture convergence in the all-forcing
case is dominated by the aerosol forcing during the
historical period. Aerosol forcing dominates the drying
trend in the CMIPS historical simulations through
both dynamic and thermodynamic contributions. It
suggests that, in the near future, air pollution control
policies will not only have the benefit of clean air but
also potentially levitate the drought threats over the
monsoon region.

Aerosol effect is one of the major uncertainties for
climate models in simulating monsoon characteristics
(Turner and Annamalai 2012). Our results here indicate
that the modeled Asian monsoon change is largely
dominated by the anthropogenic aerosols in the histor-
ical period. Thus, discrepancies in aerosol forcing be-
tween model and observations as well as among
individual models may have contributed largely to dif-
ferences in forced monsoon trends. In addition, the
Asian monsoon region is poorly covered by station ob-
servations during the early part of the twentieth century,
which leads to uncertainty in the observed pattern, es-
pecially over eastern China. Further modeling and un-
derstanding of the range of uncertainties associated with
aerosol forcing and its impact on Asian monsoon
changes is imperative for better hydroclimate projection
in Asia.
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