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Abstract Future hydroclimate projections from state-of-
the-art climate models show large uncertainty and model
spread, particularly in the tropics and over the monsoon
regions. The precipitation and circulation responses to ris-
ing greenhouse gases involve a fast component associated
with direct radiative forcing and a slow component asso-
ciated with sea surface temperature (SST) warming; the
relative importance of the two may contribute to model dis-
crepancies. In this study, regional hydroclimate responses
to greenhouse warming are assessed using output from
coupled general circulation models in the Coupled Model
Intercomparison Project-Phase 5 (CMIP5) and idealized
atmospheric general circulation model experiments from
the Atmosphere Model Intercomparison Project. The ther-
modynamic and dynamic mechanisms causing the rain-
fall changes are examined using moisture budget analysis.
Results show that direct radiative forcing and SST change
exert significantly different responses both over land and
ocean. For most part of the Asian monsoon region, the
summertime rainfall changes are dominated by the direct
CO, radiative effect through enhanced monsoon circula-
tion. The response to SST warming shows a larger model
spread compared to direct radiative forcing, possibly due to
the cancellation between the thermodynamical and dynam-
ical components. While the thermodynamical response
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of the Asian monsoon is robust across the models, there
is a lack of consensus for the dynamical response among
the models and weak multi-model mean responses in the
CMIP5 ensemble, which may be related to the multiple
physical processes evolving on different time scales.
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1 Introduction

It is now widely accepted that the global hydrological cycle
will become more intensified in a warmer climate, as a con-
sequence of the increase in tropospheric water vapor fol-
lowing the Clausius—Clapeyron relationship, leading to the
so-called “wet-get-wetter, dry-get-dryer” pattern of change
(Held and Soden 2006). Because of energetic constraints
(Takahashi 2009; O’Gorman et al. 2012), the rate of pre-
cipitation increase is less than the rate of water vapor, and
tropical atmospheric circulation weakens as climate warms
(Held and Soden 2006; Vecchi and Soden 2007). How-
ever on the regional scale, hydroclimate projections from
state-of-the-art climate models show large uncertainty and
model spread, particularly in the tropics and over the mon-
soon regions (Turner and Annamalai 2012; Christensen
et al. 2014). The ‘“warmer-get-wetter” mechanism has
been proposed to explain the spatial distribution of rainfall
change in the tropics, relating to sea surface temperature
(SST) pattern (Xie et al. 2010; Chadwick et al. 2013; Ma
and Xie 2013). Kent et al. (2015) find that the uncertainty
of regional precipitation change in the tropics is predomi-
nantly related to spatial shifts in convection and conver-
gence, associated with SST pattern and land-sea thermal
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contrast changes. Using a set of atmospheric general circu-
lation models (AGCMs), He et al. (2014) show that SST
pattern is not the dominated factor of atmospheric circula-
tion and precipitation change, with most of its effects con-
fined to equatorial oceans.

The Asian summer monsoon precipitation is projected
to enhance under greenhouse warming, dominated by the
“wet-get-wetter” thermodynamic mechanism (Kamae et al.
2014a; Wang et al. 2014; Li et al. 2015). On the other hand,
dynamical changes related to atmospheric circulation are
relatively weak with a low model-agreement (Endo and
Kitoh 2014; Li et al. 2015). As highlighted by Xie et al.
(2015), atmospheric circulation is the major source of
uncertainty in regional rainfall projection. Thus the weak
and diverging monsoon circulation response among the
models may contribute largely to the uncertainty in mon-
soon rainfall projections, which is further complicated by
other factors such as natural variability (Li and Ting 2015)
and aerosol effects (Lau et al. 2006; Bollasina et al. 2011;
Liet al. 2015).

The response of the climate system to rising greenhouse
gases (GHGs) can be through both direct radiative effect
and indirect effect via SST change. The direct radiative
effect of CO, represents a fast adjustment of the atmos-
phere before surface warming occurs, and the indirect effect
refers to the slow component induced by subsequent SST
warming. From the perspective of the perturbation energy
budget of the troposphere (Mitchell et al. 1987; Allen and
Ingram 2002): without substantial changes in surface tem-
perature, the fast response associated with increasing CO,
causes a net decrease in radiative cooling and thus reduces
the intensity of the hydrological cycle; the slow response
due to tropospheric warming, however, causes enhanced
radiative cooling that scales approximately with surface
temperature change. Thus in climate model simulations,
the relative importance of the fast and slow responses may
result in discrepancies in how hydroclimate responds to
GHG warming.

Recent studies have further shown that the direct radia-
tive forcing of CO, and SST warming may cause different
responses in tropical circulation (Ma et al. 2012; He and
Soden 2015a), summertime Pacific anticyclone and the
Asian monsoon cyclone (Shaw and Voigt 2015), and mid-
latitude jets (Grise and Polvani 2014). For tropical rainfall
and circulation, Bony et al. (2013) find that a large frac-
tion of the long-term regional precipitation change can be
explained by the direct atmospheric radiative response that
occurs shortly after an abrupt CO, increase, independent of
surface warming. On the contrary, Chadwick et al. (2014)
argue that the fast dynamical precipitation response as
shown in Bony et al. (2013) is dominated by surface warm-
ing patterns rather than the direct radiative effect. Several
studies have shown that the direct radiative forcing and
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SST change exert different effects onto the land-sea ther-
mal contrast changes, which then influence the atmospheric
thermodynamic structures and circulation patterns (e.g.
Joshi et al. 2008; Kamae et al. 2014b). For example, Shaw
and Voigt (2015) find significant compensating effects
of the two on the summertime Asian monsoon cyclone,
Pacific anticyclone and Pacific jet stream, associated with
the opposite responses in land-sea equivalent potential tem-
perature contrasts.

Regional climate information under global warming is
urgently needed for climate adaptation and socio-economic
planning in various sectors, such as water resources, agri-
culture, and public health, particularly for the densely
populated Asian monsoon regions (e.g. Kumar et al. 2004).
However reliable predictive information remains a chal-
lenge due to the large uncertainty and discrepancy in cli-
mate model projections. On one hand, the current genera-
tion of coupled general circulation models (CGCMs) still
have difficulty in simulating the present-day monsoon
climatology (Turner and Annamalai 2012). On the other
hand, the often-compensating effects of multiple processes
may cause a weak total response and discrepancy among
models. It is important to untangle the different physi-
cal pathways by which anthropogenic forcing may impact
regional hydroclimate and determine their contribution to
model uncertainties. Idealized AGCM experiments with
prescribed SSTs have been proven to be a useful tool in
decomposing the different components (e.g. Mitchell 1983;
Mitchell et al. 1987; Hansen et al. 1997; Deser and Phillips
2009; Bala et al. 2010).

In this paper, we examine the hydroclimate response
to rising GHGs with a focus on the Asian summer (June-
August seasonal mean, JJA) monsoon. We utilize a set of
climate model simulations including coupled model pro-
jections for the twenty-first century and idealized atmos-
phere-only climate change experiments with prescribed
atmospheric conditions and SSTs. We aim to distinguish
the relative roles of atmospheric radiative forcing and
ocean—atmosphere interactions, and address the arising
uncertainties in model projections. While the recent work
by Shaw and Voigt (2015) demonstrates the opposing
dynamical responses (defined using the dynamic compo-
nent of the moisture flux convergence) of the two over Asia
and the Pacific, we provide a detailed quantification of the
changes for the South and East Asian monsoon regions. We
also emphasize the opposing effect of the thermodynamic
and dynamic components of the moisture flux convergence
response to SST warming, which Shaw and Voigt (2015)
presented in one of their supplementary figures without any
discussion. We further present the possible contributions
of the uncertainty and model spread within the context
of CGCMs (CMIP5 models). The model simulations and
methodology are described in Sect. 2. Section 3 presents
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the precipitation change forced by rising CO,, separating
into the relative effects of direct radiative forcing and SST
warming. Section 4 provides a detailed analysis on the ther-
modynamic and dynamic mechanisms. In Sect. 5, we dis-
cuss the uncertainties in future monsoon projections. The
main conclusions are summarized in Sect. 6.

2 Data and methods

2.1 Coupled model simulations and idealized
experiments

To examine the projected hydroclimate change in response
to greenhouse warming, we used of a set of model simula-
tions including CGCMs and idealized AGCM experiments.
For coupled model simulations, we used monthly output
from 35 Coupled Model Intercomparison Project-Phase 5
(CMIP5) models (Taylor et al. 2012) under the high-end
representative concentration pathway 8.5 (rcp8.5) emis-
sion scenario. All available realizations with sufficient vari-
ables were analyzed, with a total of 71. To separate the total
response into fast and slow components related to direct
atmospheric radiative effect and SST warming, respectively,
we used outputs from the Atmospheric Model Intercom-
parison Project (AMIP) experiments. As part of the CMIP5
archive, the AMIP simulations are idealized AGCM experi-
ments with prescribed SST and sea ice concentration. The
following experiments were analyzed: (1) the control sim-
ulation (CTRL, called “amip” in the CMIP5 archive), run
with observed SST and sea ice concentration from 1979
to 2008; (2) quadrupling CO, radiative forcing experiment
(4 X CO,, “amip4 x CO,” in the CMIPS5 archive), same SST
and sea ice as CTRL, but with quadrupled atmospheric CO,
concentration; (3) uniform 4K warming experiment (+4K,
“amip4K” in the CMIPS5 archive), same CO, concentration
as CTRL, but adding a uniform +4K SST anomaly globally.
The fast (slow) response is quantified as the difference of the
30-year climatology between 4 X CO, (+4K) and CTRL.

The AMIP simulations also provide another set of exper-
iments using the SST pattern derived from CMIP3 models
under the A1B scenario at the end of the twenty-first cen-
tury (“amipFuture”), as compared to a uniform warming
in the +4K experiment. Results show that although there
are regional differences between the two over the Indian
Ocean, southwestern India and the Indonesian Seas, the
large-scale responses do not exhibit significant differences
(not shown). The choice to use “amip4K” is to emphasize
the larger contribution from uniform warming as compared
to the SST spatial structure, while using “amipFuture” the
two components cannot be clearly distinguished.

The use of atmosphere-only model experiments has its
caveats due to the highly idealized design settings such as

the obvious lack of coupling with the ocean. The direct
radiative effect of increasing GHGs is closely coupled to
the SST warming, thus only accounting for the radiative
effect of the GHG increase through land warming while
no ocean warming is allowed is artificial, as addressed by
other similar studies (e.g. Deser and Phillips 2009). Nev-
ertheless, the time taken for the ocean surface to warm up
is longer than that for the land surface, and the direct effect
here can be treated as a fast response to a switched-on CO,
quadrupling. This type of analysis has been proven to be
useful in determining the underlying physical mechanisms
in several previous studies (e.g. Grise and Polvani 2014; He
and Soden 2015a; Shaw and Voigt 2015). He and Soden
(2015b) further show that anthropogenic climate change in
CGCMs can be well reproduced in AGCMs, thus lend fur-
ther support of using the AGCM approach.

The AMIP experiments are available for 11 out of the
35 models used for rcp8.5 simulations in this study, with
monthly data for 30 years in length. We used the first reali-
zation of 10 AGCMs (FGOALS-g2 was not used due to its
unrealistic simulation of climatological monsoon rainfall,
see “Appendix”). Details of the model simulations are pro-
vided in Table 1. All model outputs were interpolated to
a 1° x 1° spatial resolution in the land-only calculations to
allow a better representation of the coastlines, and a 2° x 2°
spatial resolution to illustrate the spatial patterns on a
global scale (a comparison shows that the change of resolu-
tion has little effect on the results).

2.2 Moisture budget analysis

We use the atmospheric moisture budget equation (Trenberth
and Guillemot 1995) to analyze the changes in the hydrologi-
cal cycle, following Li et al. (2015). In steady state, precipi-
tation minus evaporation (P — E) balances the convergence
of the vertically integrated atmospheric moisture flux, which
can be expressed in pressure coordinates as follows:

—_— p— pS
P—E=—LV-/ uq dp, 1)
8Pw 0

where P is precipitation, E is evaporation, g is gravitational
acceleration, p,, is the density of water, p is pressure and p,
surface pressure, u is the horizontal wind vector (u = ui+ v j
), g 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:

K
— — 1 —_
P—Ez——v-z_uqu Ap;. Q)
gpw k=1

where k is the vertical level with a total of K, Ap is the
pressure thickness. Here the calculation is performed on
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Table 1 List of CMIP5 and AMIP models, scenarios, and the num-
ber of realizations used in the study

Model rcp8.5 CTRL 4x CO, +4K

ACCESS1-0
ACCESS1-3
bee-csml-1

bee-csml-1-m
BNU-ESM
CanESM2
CCSM4
CESM1-BGC
CESMI1-CAMS
CMCC-CESM
CMCC-CM
CMCC-CMS
CNRM-CM5
CSIRO-Mk3-6-0
FGOALS-g2
FIO-ESM
GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M
GISS-E2-H
GISS-E2-R
HadGEM2-CC
HadGEM2-ES
inmem4
IPSL-CMS5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC-ESM
MIROC-ESM-CHEM
MIROCS
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M
NorESM1-ME

N = = = N = N = = = s e
|
|
|

—_
o
|
|
|

U0 YR N S G U NG O S NG S G U U S
—_
—_
—_

10 pressure levels from 1000 to 200 hPa. We neglect sub-
monthly variations of surface pressure since this introduces
no significant error (Seager and Henderson 2013).

We then denote departures from monthly means with
primes:

a=q+4, 3)

and the monthly mean moisture flux can be expressed as:

u=u+u,

ug=ug+uq. )

Separating the moisture flux convergence term into contri-
butions of mean moisture convergence (MC) and the sub-
monthly transient eddies (TE), Eq. (2) can be written as:
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Due to limitations in daily data availability for most of the
AMIP models, the transient eddy component is approxi-
mated using the difference between P — E and the mean
moisture convergence, thus includes a residual term. Seager
and Henderson (2013) have shown that the error arising
from closing the moisture budget equation, i.e., differences
between P — E and the vertically integrated moisture con-
vergence is small and thus can be neglected. Furthermore,
since the response to the given forcing is quantified as the
climatological difference between the forced and control
simulations, the residual term is largely eliminated.

To quantify the effect of the given forcing (4 X CO, or
+4K), we introduce a second overbar to denote the 30-year
climatological mean, and a hat above an overbar to denote the
departure of the monthly mean from the climatological value:

U=u+u, G=g+q. (6)
We also define
8() =) = Qe @)

to represent the climatological difference between the
forced (subscript F) and control (subscript C) experiments.
Then the response of the mean moisture convergence to the
forcing can be derived as follows:

K
p— 1 _ _ R
oMC=|-—V- z ; W r i F Apy F

8Pw =1

K
1 — —_
|-V Z W ci.c APic
8Py =

K
1 = o — s 5
-—V- Z(“k,c + W ) (Grc + Gr) APy

8Py k=1
1 o= & .= 2
-Lv. Z(ﬁk’c + W )G+ Gie) Apic
gpw k=1
| K . K _
R-——V. Zﬁk,c&_lkAPk -—V- Z B0,Gi. APk
8Py k=1 §Pw k=1
= 6TH + 8DY.

®)
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6TH represents the thermodynamic component, with circu-
lation fixed at its climatological value in the CTRL experi-
ment, thus involving only changes in specific humidity;
and 6DY represents the dynamic component, with specific
humidity fixed at its climatological value in the CTRL
experiment, thus involving only changes in circulation.
In the derivation of Eq. (8), the approximation originates
from ignoring (1) the quadratic term involving covariances
of departures from climatological values (small compared
to the other terms); and (2) surface pressure variations that
cause differences between Ap, - and Ap, -~ (which has been
shown in Seager and Henderson (2013) to introduce little
additional error).

3 Precipitation response to future GHG forcing

3.1 Projected 21st century monsoon rainfall change
in CMIP5 coupled models

We start with examining the projected summer monsoon
rainfall change for the 21st century under the rcp8.5 sce-
nario in all the realizations of the 35 coupled CMIP5 mod-
els. Figure 1 shows the linear trend of area averaged land
precipitation from 2006 to 2099 for India (5°N-30°N, 70°E

(a) P trend JJA 2006-2099 CMIP5 rcp85 IND (b)

CMIP5 models
CMIP5 models

!

P trend JJA 2006-2099 CMIP5 rcp85 ECHN

—90°E, Fig. la) and eastern China (20°N—40°N, 105°E
—-125°F, Fig. 1b). The shaded bars show the 95% confi-
dence intervals based on 2-sided Student’s t test applied
onto detrended data, thus indicating the interannual range
of the trend due to natural variability. Generally speaking,
the majority of the models predict a stronger monsoon for
both India and eastern China, while the magnitude differs
among individual models. A few models, however, show
a weak signal or drying trend. The group of models with
weak or opposing signs also differs for India and eastern
China.

The multi-model mean (MMM), plotted at the bottom in
black, gives a wetting trend for both regions. In calculat-
ing the MMM, we first computed each model’s ensemble
average, and then averaged across the 35 models. This wet-
ting trend is consistent with previous studies suggesting an
intensified monsoon (Endo and Kitoh 2014; Li et al. 2015),
with stronger wetting over India than eastern China. This
may be related to the larger discrepancy among individual
models over eastern China, with more models showing
insignificant weak responses. The spatial pattern of the
change displays an overall uniform wetting, as shown in
Fig. 1d in Li et al. (2015).

Figure 1 indicates that while most models show an inten-
sified Asian monsoon rainfall, there is substantial model

I ACCESS1-0
I ACCESS1-3
[ bee-csmi-1
[ bce-csmi-1-m
[__1BNU-ESM
[ CanESM2
I CCSM4
[ CESM1-BGC
[ CESM1-CAM5
I CMCC-CESM
I CMCC-CM
[ CMCC-CMS
I CNRM-CM5
[ CSIRO-Mk3-6-0
[ FGOALS-g2
[ FIO-ESM
[ GFDL-CM3
[ GFDL-ESM2G
[ GFDL-ESM2M
I GISS-E2-H
I GISS-E2-R
I HadGEM2-CC
] HadGEM2-ES
I inmcm4
I |PSL-CM5A-LR
[ IPSL-CM5A-MR
[ 1IPSL-CM5B-LR
I MIROC-ESM
I MIROC-ESM-CHEM
[ MIROC5
[ MPI-ESM-LR
[ MPI-ESM-MR
I VRI-CGCM3
I NorESM1-M
[ NorESM1-ME
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03 -03

-0.3 -0.2 -0.1 0 0.1 0.2
Linear trend [mm day™" 10yr™']

Fig. 1 Linear trend of area averaged land precipitation in 35 CMIP5
models under the rcp8.5 scenario from 2006 to 2099 for a India
(5°N-30°N, 70°E-90°E) and b East China (20°N—40°N, 105°E
—125°E). The black bar at the bottom shows the multi-model mean

-0.1 0 0.1 0.2 0.3
Linear trend [mm day™" 10yr™']

(MMM). The shaded bars show the 95% confidence intervals based
on 2-sided Student’s t test applied onto detrended data. Units are
mmday~! 10 years™!
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spread. It is not clear whether the intensification as well as
the spread is caused mainly by the fast or slow responses,
or, caused more by thermodynamic versus dynamic mecha-
nisms, which will be explored in the following sections.

3.2 Effects of CO, radiative forcing and SST warming
in AMIP experiments

In order to decompose the different physical processes con-
tributing to the overall wetting and model spread as shown
in Fig. 1, we use the AMIP experiments to analyze the rela-
tive roles of the fast response due to direct radiative forc-
ing and the slow response due to SST change. Since rcp8.5
is the “business as usual” scenario with the highest GHG
emissions and gradually phasing out anthropogenic aero-
sol emissions, the total response is dominated by the CO,
forcing. A detailed estimate of the radiative forcing can be
found in Shindell et al. (2013). _
Figure 2a, b shows the precipitation response (6P) for
4 x CO, and +4K, respectively. Here we show the global
pattern to better identify the large-scale changes. The direct
radiative forcing and SST warming exert significantly dif-
ferent responses both over the land and ocean. Over the

dP 4xC0O2 JUA 7/10

60°N G
30°N
o [
a0%sk

60°S[

ocean, the fast response (Fig. 2a) displays an overall drying
globally, while the slow response (Fig. 2b) shows particu-
larly enhanced wetting over the intertropical convergence
zone (ITCZ), the western Pacific warm pool region, and the
higher latitudes extending towards the polar regions. The
land rainfall response displays significant regional varia-
tions in both cases. For regions such as the Mediterranean
and western United States, both the fast and slow compo-
nents contribute towards a drying trend. For the Sahel, on
the other hand, the two oppose each other, with the direct
radiative effect wetting the Sahel and the SST effect dry-
ing the region. For the Asian monsoon, the fast response
enhances monsoon rainfall over most regions in China,
northern and central India, but reduces rainfall in southern
India and Indochina. On the other hand, the slow response
dries eastern China and northern India, but has a strong
wetting over Indochina, central and southern India, pos-
sibly due to oceanic influence extending from the western
Pacific warm pool.

The combination of the two responses (adding Fig. 2a,
b) is shown in Fig. 2c. As a comparison, Fig. 2d shows
the rcp8.5 response using the coupled version for the
same 10 models. The rcp8.5 response is calculated using

dP +4K JJA 7/10

1 i
120°E 180°W 120°W

dP (4xCO2) + (+4K) JJA 7/10

120°E 180°W 120°W

dP rcp85 JJA 7/10

180°W 120°W

180°W

-2 -1.5 -1 -0.5

pr [mm day"]

Fig. 2 Precipitation response 5? for a 4 X CO,, b +4K, ¢ 4 X CO, plus +4K, and d rcp8.5. Stippling denotes 7 out of 10 models agree on the

sign of change. Units are mm day ™!
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the climatological difference between the 2075-2099
period and 2006-2030 period. Despite the highly ideal-
ized settings and differences in forcings, Fig. 2c is able
to capture the general large-scale pattern in the CGCMs
(Fig. 2d) with a weighted spatial pattern correlation of
0.55. There are regional differences including an overly
wetting in the western tropical Pacific and dry bias in
the Indian Ocean in the AGCMs, possibly related to the
effects of the SST warming pattern (Xie et al. 2010; He
et al. 2014)

Figure 2c, d shows that the future total rainfall
response to CO, forcing is a combination of direct radia-
tive effect and SST warming. The SST effect (Fig. 2b)
dominates the total response over the ocean. Over land,
for the Mediterranean and western United States where
the two effects have the same sign, there is a strong
drying trend in the combined as well as the coupled
response, contributing to a more robust future precipi-
tation projection in these regions (Seager et al. 2007,
2014; Kelley et al. 2012; Christensen et al. 2014). For
most part of the Asian monsoon region, the direct radia-
tive effect (Fig. 2a) dominates, resulting in enhanced
monsoon rainfall as climate warms, consistent with
Bony et al. (2013). However note that the southern part
of India as well as Indochina display opposite responses
compared to northern India and eastern China, possibly
influenced by the surrounding oceans.

4 Thermodynamic and dynamic mechanisms
of CO,-induced rainfall changes: direct
radiative forcing versus SST warming

4.1 Moisture and circulation

Why does monsoon precipitation respond differently to
direct radiative forcing and SST warming? In this section,
we analyze the thermodynamic and dynamic mechanisms
contributing to the difference, and compare with the results
of Shaw and Voigt (2015). Figure 3a—d show the change of
850 hPa specific humidity and winds for 4 X CO, and +4K.
The moisture response is dominated by the strong increase
due to SST warming (Fig. 3b), with little change related
to direct radiative forcing (Fig. 3a). Atmospheric circula-
tion, on the other hand, shows distinct compensating effects
over most regions in the northern hemisphere. In particular,
direct radiative forcing (Fig. 3c) shifts the Asian monsoon
circulation northward and shows a generally intensified
monsoon circulation, which is similar to the response in the
coupled models, both rcp8.5 and GHG-only single-forcing
simulations (cf. Li et al. 2015; Figs. 4f, 8f); SST warm-
ing, on the other hand, weakens the monsoon circulation
over Asia (Fig. 3d). Consistent with the 925 hPa stationary
eddy streamfunction and 500 hPa vertical motion responses
as shown in Shaw and Voigt (2015), direct radiative forc-
ing enhances the Pacific subtropical anticyclone and SST
warming weakens it. In the southern hemisphere, the fast
and slow components show similar circulation responses,

dq850 +4K JJA 7/10
60°N | X
2
A &
30°N |
2
S
0° £
=
L
30°s L
2
60°S (%
o° 60°E 120°E 180°W 120°W 0°W 126°E 1‘80“"W 1é6°w
I duv850 4xCO2 JJA 7/10 duv850 +4K JJA 7/10 y
eo"N'l B s 77 oS oo R AL G D
2
30°N —
‘v
0° 0 E
=2
£
30° =
-2
60°S
T20°W : 50°W -4

I
0° 60°E 120°E 180°W

0°

L
60°E 120°E

Fig. 3 Response of 850 hPa a, b specific humidity 55 (units gkg_l) and ¢, d winds 65 (units ms~Y) for a, ¢ 4 X CO, and b, d +4K. In ¢, d,
arrows are vectors of the response and shading shows the change in wind speed. Stippling as in Fig. 2
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I .
120°E 180°W 120°W
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30°N i

1 i
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Fig. 4 Response of 925 hPa a, b air temperature in energy unit 6cp_T, ¢, d specific humidity in energy unit 6L_Vq, and e, f moist static energy
SMSE for a, ¢, e 4 X CO, and b, d, £ +4K_ Stippling as in Fig. 2. Units are kI kg ™!

with a poleward shifted jet stream, consistent with Grise
and Polvani (2014).

One possible explanation for the opposite changes in
circulation for 4 X CO, and +4K is the difference in land-
sea thermal contrast changes (Kamae et al. 2014b; Shaw
and Voigt 2015). Figure 4a, b shows the air temperature
at 925 hPa (shown in thermodynamic energy unit, c,T,
where ¢, is the specific heat of air at constant pressure,
T is air temperature) for the 4 X CO, and +4K experi-
ments. In the 4 X CO, experiment, land warms more than
ocean as the heat capacity of the land is much lower than
water. The exception is a cooling trend over southern India
in 4 X CO,, possibly induced by increased evaporation
(Fig. 5a), although the exact reason remains unclear. In the
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+4K case, there is strong ocean warming, which leads to a
greatly moistened lower troposphere (Fig. 3b). Note, how-
ever, that land still warms slightly more than ocean in +4K
(Fig. 4b), consistent with Joshi et al. (2008) who propose
local feedbacks and the hydrological cycle over land as the
mechanism for enhanced land-warming (see also Byrne
and O’Gorman 2013). Thus one cannot explain the oppos-
ing monsoon circulation response purely based on changes
in temperature.

Figure 4c, d shows the change in atmospheric mois-
ture (shown in energy unit, L,q, where L, is the latent
heat of vaporization, g is specific humidity) at 925 hPa
for 4 x CO, and +4K. It is clear that the +4K experi-
ment is associated with a much stronger moistening
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over ocean than over land (Fig. 4d). There are also sig-
nificant changes in the moisture component over land
for the 4 X CO, case (Fig. 4c), particularly over the mon-
soon region as a response to enhanced moisture trans-
port due to stronger monsoon circulation (Fig. 3c). The
total moist static energy (MSE) changes are shown in
Fig. 4e, f, which combines the effect of temperature and
moisture changes (defined as MSE=c¢,T+L,g+¢8Z, g
is gravity, and Z is the geopotential height; the potential
energy change associated with gZ is negligible in this
case). Figure 4 suggests that the land-sea moisture con-
trast is the dominant contributor to the total MSE con-
trast for the +4K experiment, and to a large extent, to the
4 x CO, experiment as well. Our results here indicate that
MSE increases more (less) over land than over ocean in
4 X CO, (+4K) experiment, thus enhancing (weakening)
the monsoon circulation (Fig. 3c, d). This conclusion is
consistent with Shaw and Voigt (2015) using the sub-
cloud equivalent potential temperature. The dominance
of land-sea moisture contrasts in the MSE contrasts in
+4K is insensitive to whether SST warming is uniform
or not, as it is confirmed using “amipFuture” experiments
with patterned SST warming (not shown), suggesting

that gradients in SST is not essential in driving the land-
sea thermodynamic contrasts and monsoon circulation
change.

4.2 The moisture budget

In this subsection, we further examine the thermodynamic
and dynamic mechanisms causing the rainfall changes using
moisture budget analysis. The pattern of P — E change, the
net change in surface water balance, largely follows the rain-
fall changes (Fig. 2a, b) for both the direct radiative forc-
ing (Fig. 5¢) and SST warming (Fig. 5d), particularly over
land. For oceanic regions, evaporation increases greatly
due to SST warming (Fig. 5b) but decreases in the 4 x CO,
response (Fig. 5a). The reduction in evaporation in the
4 % CO, case can be understood through the atmospheric
heat budget due to quadrupling CO, while keeping the SST
fixed. On average, the atmosphere cools through longwave
radiation, which is largely balanced by latent heat flux into
the atmosphere at the surface and thus precipitation (sensi-
ble heat flux also contributes, but much less than latent heat
flux). The quadrupling of CO, leads to a decrease in atmos-
pheric radiative cooling due to the anomalous absorption
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of longwave radiation by the atmosphere, which has to be
balanced by a reduction in surface latent heat flux into the
atmosphere through reduced surface evaporation (Yang
et al. 2003; Bala et al. 2008, 2010; Andrews et al. 2009).
Over the Asian monsoon region, there are small increases
in evaporation over land due to increased precipitation.
We will explore further the causes for the change in P — E
through the atmospheric moisture budget. J—

Changes in the mean moisture convergence (6MC) and
transient eddies (8TE) are shown in Fig. 6. In the tropics,
SMC (Fig. 6a, b) dominates over 6TE (Fig. 6¢c, d), and
agrees well with the 6(P — E) pattern (Fig. 5c, d). For the
higher latitudes, STE plays an important role in the +4K
case. In particular, the high latitude wetting trend, sug-
gested by Zhang et al. (2013) to be primarily driven by
the increasing poleward atmospheric moisture transport, is
dominated by the transient contributions.

To illustrate the change in the surface hydrological
cycle and the model spread the Asian monsoon region,
Fig. 7 shows the area averaged changes in precipitation,
evaporation, P — FE, and the mean and transient mois-

ture convergence terms over Indian and eastern China for
4 X CO, (red), +4K (blue) and rcp8.5 (green, quantified as

in Fig. 2d), with black dots denoting the MMMSs. For both
India (Fig. 7a) and eastern China (Fig. 7b), SMC domi-
nates 6(P — E) and 8P, with STE and SE terms being rela-

tively small across all three types of experiments. In both
regions, direct radiative forcing (red) enhances the mean
moisture convergence, while SST warming (blue) shows a
large spread, with a slightly increased moisture convergence
in MMM for India and a slightly decreased moisture con-
vergence for eastern China. The rcp8.5 response (green),
although not directly comparable in magnitude, largely fol-
lows the sum of the two effects (not shown). Figure 7 also
indicates that the enhanced Asian monsoon rainfall in the
rcp8.5 scenario is dominated by direct radiative forcing
(fast response) rather than the equilibrium response due to
SST warming. Also note that the model spread in the +4K
experiment is larger than that in 4 X CO,, suggesting higher
uncertainty in the slow response related to SST change. One
possible factor contributing to the larger spread is the dipole
structure with a strong wetting over central and southern
India and drying to the northeast (Figs. 2b, 5d, 6b).

_Figure 8 shows the thermodynamic (6TH) and dynamic
(5&) components of the mean moisture convergence

change (6M_C), as well as the quadratic term (6quad)
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which is small compared to 8TH and 5DY in all cases. The
area averaged (land-only) changes for India and eastern
China are shown in Fig. 9. Similar to the specific humid-
ity response (Fig. 3a, b), SST warming (Fig. 8b) dominates
over the direct radiative forcing (Fig. 8a) in terms of ther-
modynamical changes. Over the monsoon regions, this
leads to strongly enhanced wetting for both India (Fig. 9a)

and eastern China (Fig. 9b). Dynamical changes, on the
other hand, exhibit competing effects in response to direct
radiative forcing (Fig. 8c) and SST warming (Fig. 8d) in
the northern hemisphere including the North Pacific, North
Atlantic, the Asian and African monsoons, and North
America. Both the fast and slow responses are robust
across the models, as indicated by the stippling (70% model
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Fig. 8 Asin Fig. 5, but for a, b the thermodynamic component 6TH, ¢, d the dynamic component 5DY, and e, f the quadratic term dquad

agreement). The area averaged sDY for India (Fig. 9a) and
eastern China (Fig. 9b) show distinct opposing responses:
in all the models, direct radiative effect (red) enhances
moisture convergence while SST warming (blue) weakens
it. Due to this cancellation, the rcp8.5 response (green) is
very weak for the MMM, with a large model spread.
Figures 7 and 9 indicate that the different responses
to direct radiative forcing and SST warming of the total
mean moisture convergence, and hence precipitation, is
mainly caused by the opposing effects of the dynamic
component, related to changes in atmospheric circula-
tion. These results are consistent with Shaw and Voigt

@ Springer

(2015), but focusing specifically on the South and East
Asian monsoons. Furthermore, the thermodynamic and
dynamic effects of SST warming, which evolve on the
longer timescale, largely cancel out (also see Shaw and
Voigt 2015, Fig. Slg, h). Thus the total mean moisture
convergence is dominated by the fast response that occurs
shortly after the CO, increase due to dynamical changes,
in agreement with Bony et al. (2013). Note that similar to
the precipitation responses, southern India shows differ-
ent changes in the moisture budget terms as compared to
that over northern India and eastern China.
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5 Understanding uncertainties in future monsoon
projections

In Sect. 4, we have shown that the dynamical responses to
direct radiative forcing of rising CO, and subsequent SST
warming largely oppose each other over the Asian mon-
soon region. What does this imply for future monsoon

projections? As discussed in Shaw and Voigt (2015), this
competing effect may lead to a weak circulation response
and lack of consensus among the models. This is confirmed

in Fig. 9, in which the 10-model averaged rcp8.5 response

of DY is almost zero for both regions, with almost equal
number of models showing positive and negative sign
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changes. On the other hand, the thermodynamical response,
although different in magnitude, is largely consistent in
sign across the models. Here we further examine the model
discrepancy using the larger ensemble of the 35 CMIP5
coupled models.

Figures 10 and 11 show the linear trend of the thermo-
dynamic and dynamic components of the mean moisture
convergence (cf. Li et al. 2015, for detailed definition of
the terms) over 2006-2099 under the rcp8.5 scenario for
India and eastern China, respectively. The regions and
shaded bars are defined as in Fig. 1. While almost all the
models display significant wetting trends due to the ther-
modynamic component (Figs. 10a, 1la), the dynamic
component (Figs. 10b, 11b) shows a clear model spread
for both regions. The projected rainfall change (Fig. 1) is
determined by the relative sign and magnitude of the two
components. For example, the group of models with drying
trends over India (CMCC-CESM, CMCC-CMS, FIO-ESM,
MPI-ESM-LR, MPI-ESM-MR) all show strong dynami-
cal weakening. The MMM trend (black) of the dynamic
component is very weak for both regions, consistent with
Li et al. (2015) using the larger monsoon region. There are
two reasons for this weak dynamic response: first, the can-
cellation effect due to inter-model disagreement, as there
are models showing significantly increased or decreased
moisture convergence; second, the weak responses in

(a) (b)

TH trend JJA 2006-2099 CMIP5 rcp85 IND

DY trend JJA 2006-2099 CMIP5 rcp85 IND

some of the models, possibly related to the cancellation
effect between direct radiative forcing and SST warming.
Thus the uncertainty in future circulation change is related
to both model discrepancy and the multiple physical pro-
cesses involved. While previous studies have suggested that
atmospheric circulation dominates the inter-model varia-
tions in the tropics focusing on the standard deviation (Kent
et al. 2015; Xie et al. 2015), we emphasize here that over
the monsoon regions there is substantial uncertainty in both
the magnitude and the sign of the dynamical changes.

Our results indicate that the Asian monsoon response
to uniform SST warming exhibits a larger model spread as
compared to direct radiative forcing in terms of the mean
moisture convergence change (Fig. 7), which may come
from the cancellation between the thermodynamical and
dynamical processes (Fig. 9). Furthermore, SST spatial
pattern may not be the dominant cause of the model spread,
although it certainly could make a contribution. The large
uncertainty in the dynamical contribution to mean mois-
ture convergence as shown in Figs. 10b and 11b is largely
due to the cancellation of the circulation response to direct
radiative forcing and SST warming. The degree of each
model’s relative importance of the two responses may have
led to the large spread in the dynamical component. The
weak MMM dynamical response for the rcp8.5 scenario
is largely caused by this large model spread rather than a
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Fig. 11 As in Fig. 10, but for East China

uniformly weak circulation response in individual mod-
els. Thus a better projection of the future monsoon rainfall
changes depends strongly on reducing the uncertainty in
monsoon circulation responses to greenhouse warming.
Previous studies have proposed other possible mecha-
nisms contributing to the uncertainty in regional hydro-
climate changes. For example, Bony et al. (2013) suggest
the fact that climate models show a large range of climate
sensitivity (Andrews et al. 2012) may alter the importance
of the thermodynamical changes relative to the dynami-
cal changes and hence the precipitation response. On the
contrary, Kent et al. (2015) find that the intermodel uncer-
tainty of tropical rainfall and circulation is not strongly
influenced by global mean temperature changes. We have
tested the relationship between the thermodynamic and
dynamic components and the equilibrium climate sensitiv-
ity (ECS) for India and eastern China in the CMIP5 archive
(not shown). Results show that while the thermodynamical
enhancement of a model is positively correlated with its
ECS, the dynamical change only shows a very weak nega-
tive correlation with ECS. Other contributing factors to
the model uncertainty include the ability of global climate
models to simulate the present-day regional climate includ-
ing monsoon climatology (see “Appendix’), natural vari-
ability such as the teleconnection between Asian monsoon
and the El Nifio-Southern Oscillation (Li and Ting 2015),
as well as the possible influence of model resolution. Using
a GCM downscaled to a ~35km high-resolution over the
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South Asian monsoon region, Krishnan et al. (2015) show
that the model predicts a persistent drying in the twenty
first century, opposing the global model response robust
across CMIP5 models. In addition, aerosol forcing repre-
sents a major uncertainty for climate prediction (Turner and
Annamalai 2012), with opposing effect to GHG forcing on
monsoon rainfall (Li et al. 2015). Further work is needed
to advance the understanding and reduce the uncertainty in
future monsoon projections.

6 Conclusions

We have examined the regional hydroclimate response
to rising GHGs using coupled and idealized atmosphere-
only models. The future total rainfall response to increas-
ing CO, is a combination of the fast component due to
direct radiative forcing and the slow component due to
SST changes. While it is expected that the fast (slow)
component would weaken (enhance) the global hydro-
logical cycle due to associated changes in atmospheric
radiative cooling, the Asian monsoon rainfall shows the
opposite tendency. The CO, direct radiative effect leads
to a much intensified monsoon rainfall, and SST warm-
ing either weakens (eastern China) or slightly intensifies
(India) monsoon rainfall. Furthermore, the intensified
monsoon rainfall associated with direct radiative forcing
is mainly due to circulation changes, rather than through
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thermodynamic changes in the moisture budget sense.
The thermodynamic mechanisms, on the other hand, do
suggest a much intensified mean moisture convergence
due to SST warming, but the enhancement is largely off-
set by the opposite change in circulation that weakens
the monsoon. Overall for most part of the Asian mon-
soon region (southern India shows different characteris-
tics), the monsoon rainfall changes are dominated by the
direct CO, radiative effect through enhanced monsoon
circulation.

The relative effects of direct radiative forcing and SST
warming on monsoon circulation has important implica-
tions for the uncertainty in future projections. While the
thermodynamical response is robust across the models
and well understood, there are substantial uncertain-
ties in both the magnitude and the sign of the dynami-
cal changes. For the Asian monsoon, the model spread
for the uniform +4K SST warming case is larger than
the corresponding one for 4 X CO, radiative forcing. The
main cause of the model spread in the uniform +4K SST
warming case may come from the cancellation between
the dynamical and thermodynamical processes. While the
MMM rcp8.5 scenario indicates a weak contribution due
to dynamical mechanisms of future monsoon changes (Li
et al. 2015), the results here indicate that this is largely
caused by the large model spread rather than a uniformly
weak circulation response in individual models. The
lack of consensus among the models and weak MMM
responses for the circulation changes in CMIP5 models
may be related to the multiple physical processes evolv-
ing on different time scales. Understanding the physical
mechanisms underlying the circulation changes and the
model spread due to uniform SST warming is essential
towards constraining the uncertainties in regional climate
projection.
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Appendix

Evaluation of Asian summer monsoon rainfall
climatology in coupled and atmosphere-only models

In this section, we provide a brief evaluation of the cou-
pled and atmosphere-only models available for this study.
Figure 12 shows the Taylor diagram (Taylor 2001) of
JJA rainfall climatology over the Asian monsoon region
(5°N-55°N, 60°E—150°E, land-only) in 35 CMIP5 cou-
pled models (black) and the 11 AMIP models (red). We
used monthly data from two gridded observational data-
sets for precipitation: the Climate Research Unit (CRU)
at the University of East Anglia (UEA) version 3.2 (Har-
ris et al. 2014), and the Global Precipitation Climatol-
ogy Centre (GPCC) Full Data Product version 6 from the
World Climate Research Programme (WCRP) Global Cli-
mate Observing System (GCOS) (Schneider et al. 2011).
The spatial resolution is 0.5° X 0.5° for both datasets. We
interpolated all observed and modeled data into a 1° X 1°
spatial resolution for direct comparison. The time period
for the climatology is 1976-2005 for CMIPS5 models and
the 30 years available for the AMIP models. CRU is cho-
sen as the reference.

Taylor Diagram P climatology

Standard deviation

N

Fig. 12 Taylor diagram showing (blue dot-dashed lines) the spa-
tial pattern correlation coefficient, (black dotted contours) standard
deviation, (green dashed contours) the root-mean-square difference
(RMSD) for JJA area averaged (5°N-55°N, 60°E-150°FE) land pre-
cipitation climatology in (black dots) 35 CMIP5 models (1976-2005)
and (red dots) 11 AMIP models. Orange dots show observations
(CRU, GPCC). CRU is used as the reference field. Rainfall is in
mm day~!
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The spatial correlations range from 0.6 to 0.8 for most of
the coupled models, with comparable standard deviations
as observations. The coupled (black) and atmosphere-only
(red) models do not exhibit significant differences, suggest-
ing that ocean coupling does not have much effect in simu-
lating monsoon climatology. Only one AGCM (FGOALS-
g2) produces an unrealistically large standard deviation due
to an overestimation of rainfall over India and Indochina
(not shown), thus we eliminated this model from further
analysis.
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