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[1] The variability of global monsoon area (GMA), global monsoon precipitation (GMP),
and global monsoon intensity (GMI) in the present climate (1979-2003) and the future
warmer climate (2075-2099) under Representative Concentration Pathways 4.5 (RCP4.5)
scenario was examined based on 19 Coupled Model Intercomparison Project Phase 5
(CMIP5) simulations. In the present-day simulations, the ensemble mean precipitation
reproduces the observed GMA, GMP, and GMI, although the spread of individual models is
large. In the RCP4.5 simulations, most (17 of 19) of the CMIP5 models project enhanced
global monsoon activity, with the increases of GMA, GMP, and GMI by 1.9%, 3.2%, and
1.3%, respectively, per 1 K of surface warming. The diagnosis of a column-integrated
moisture budget indicates that the increase in GMP is primarily attributed to the increases of
moisture convergence and surface evaporation, whereas horizontal moisture advection has
little effect. A further separation of dynamic and thermodynamic factors shows that increase of
the moisture convergence comes mainly from the increase of water vapor, but is partly offset
by the convergence effect. The increase of the surface evaporation is caused by the increase of

sea-air specific humidity difference, while the change in surface wind speed plays a minor
role. The GMP experiences a great year-to-year variation, and it is significantly negatively
correlated with the Nifio3.4 index averaged over a typical monsoon year (defined from May to
the following April) in the pre-industrial control and present-day simulations, similar to
observations. Under the RCP4.5 warming, such rainfall variability is intensified, and the
relationship between monsoon and EI Nifio strengthens. A large proportion of intensification
in the year-to-year monsoon rainfall variability arises from the land monsoon region.

Citation: Hsu, P.-c., T. Li, H. Murakami, and A. Kitoh (2013), Future change of the global monsoon revealed from 19
CMIPS models, J. Geophys. Res. Atmos., 118, 1247-1260, doi:10.1002/jgrd.50145.

1. Introduction

[2] The monsoon is characterized by a seasonal reversal in
lower tropospheric winds and corresponding variations in
rainfall amounts [ Webster et al., 1987] and is the most ener-
getic climate system over the tropics. Billions of people liv-
ing in global monsoon areas rely on monsoon precipitation
for basic human needs, agriculture, and industrial develop-
ment. Due to the far-reaching impact of monsoon rainfall,
simulations and projections of monsoon variability are con-
sidered to be an important aspect of climate research [e.g.,
Intergovernmental Panel on Climate Change (IPCC), 2007].

[3] Despite large uncertainties in regional rainfall projec-
tions [/PCC, 2007], a number of signals associated with var-
iations in monsoon rainfall have been identified. Over the
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South/East Asian monsoon regions, the intensification of
summer monsoon rainfall and its interannual variability have
been widely detected within model projections [Hu et al.,
2000; May, 2002; Meehl and Arblaster, 2003; Kitoh et al.,
2005; Ueda et al., 2006; Annamalai et al., 2007; Lu and
Fu, 2010; Turner and Annamalai, 2012]. Based on the Cou-
pled Model Intercomparison Project Phase 3 (CMIP3) multi-
model data set, Moise et al. [2012] found that the overall
Australian summer monsoon precipitation showed little
change, but the length of the wet season had increased
slightly by the end of 21st century. Considering future
changes in the African monsoon system, Shongwe et al.
[2009] showed that the rainy season over Southern Africa
tends to become shorter in a future climate (2051-2200) un-
der the CMIP3 A1B scenario, whereas Cook and Vizy
[2006] suggested that no consensus has been achieved over
the West African monsoon regions. In addition, projected
changes in the American monsoon based on the CMIP3
models were diverse [Giorgi et al., 2001; Li et al., 2006].
Recently, Hsu and Li [2012] examined the results of global
warming experiments that used an atmospheric general cir-
culation model (AGCM) and the fifth phase of the Coupled
Model Intercomparison Project (CMIPS) data set, and noted
a projected dipole rainfall anomaly associated with enhanced
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rainfall over the Amazon monsoon area and decreased pre-
cipitation in the Atlantic intertropical convergence zone
(ITCZ) during the austral summer.

[4] Previous modeling studies focused mostly on the vari-
ability of monsoon rainfall within a specific monsoon region,
as reviewed above. The changes in the global monsoon system
as a whole have received less attention. As the annual variation
in solar heating is a fundamental driver of monsoon develop-
ment, Trenberth et al. [2000] and Wang and Ding [2006] pro-
posed the concept of the global monsoon to describe the
strength of overall monsoon systems around the globe.
From observations, global monsoon precipitation (GMP) has
increased over the past three decades [Hsu et al., 2011; Wang
et al., 2011]. This increasing GMP trend follows the cooling
(warming) trend of sea surface temperature (SST) in the east-
ern Pacific (Indo-Pacific warm pool) [Wang et al., 2011].
AGCM experiments [Zhou et al., 2008] suggest that the
GMP variations arose mainly from ocean forcing, such as
the El Nifio-Southern Oscillation (ENSO) and Indian Ocean
SST anomaly, over the last half-century (1949-2000). The
synchronous cycles of GMP and ENSO in 1970-1999 were
also captured by the Model for Interdisciplinary Research on
Climate (MIROCS) and most CMIP3 coupled models [Kim
et al., 2011]. However, these studies did not consider the
possible changes in global monsoon activity and the linkage
between GMP and ENSO in a future warmer climate.

[s] Hsu et al. [2012] found that the global monsoon area,
precipitation, and intensity all increase from the late 20th
century to the late 21st century. The result was primarily
based on the simulations of three high-resolution AGCMs.
In this study we intend to extend the work of Hsu et al.
[2012] by analyzing 19 CMIPS models. Larger samples
from the CMIPS models with different model physics (e.g.,
different convective parameterizations, air-sea coupling
schemes, and Earth’s biogeochemical cycles for some Earth
System Models) may increase our confidence in the global

Table 1. The 19 CMIP5 CGCMs Used in This Study

monsoon projections. The validation of individual CMIP5
models may provide information for model development
and improvement in monsoon simulations. Moreover, longer
integrations of CMIP5 pre-industrial control runs and global
warming experiments can help us understand the interannual
variability of global monsoon precipitation and its possible
change under a warmer climate, which has not been shown
in the previous studies. The overall objective of the current
study is to provide a detailed and systematic evaluation of
the capability of the CMIP models in simulating global mon-
soon features, the moisture processes contributing to the
GMP changes, and the interannual variability of monsoon
rainfall in response to global warming in 19 state-of-the-art
coupled GCMs under the World Climate Research Pro-
gramme’s (WCRP) CMIPS project [Taylor et al., 2012].

[6] In the remainder of the paper, section 2 describes the
models, observational data, and methodology used in global
monsoon analysis. In section 3, we evaluate the capability of
the CMIP5 models to reproduce the characteristics of the
present-day global monsoon, including the geographical dis-
tribution of global monsoon rainy domains, total monsoon
precipitation amounts, and the amplitude of global monsoon
intensity. Section 4 presents the projected changes in global
monsoon activity to the end of the 21st century. The
mechanisms responsible for GMP changes are then further
examined. Section 5 describes the interannual variability of
GMP and ENSO, and their relationship to each other, in both
the present-day and a future warmer climate states. The main
conclusions of the study are summarized in section 6.

2. Data and Methodology

2.1. CMIP5 Models and Observational Data Sets

[7] Nineteen CMIP5 model outputs (Table 1), from pre-
industrial control, historical, and global warming runs, were
used to investigate the internal variability of global monsoon
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Figure 1. Climatology (1979-2003) of (a) annual mean precipitation (mm d™"), (b) annual range of pre-
cipitation (mmd "), defined as the difference between local summer (JJA in the Northern Hemisphere and
DIJF in the Southern Hemisphere) and winter precipitation, and (c) GMA derived from the average of
GPCP and CMAP rainfall data. (d—f) Same as in Figures la— 1c, but based on the MME mean precipita-

tion of the 19 CMIP5 historical simulations.

rainfall and the changes in the global monsoon from the
present-day (1979-2003) to a future (2075-2099) climate
state, respectively. We chose the Representative Concentra-
tion Pathways 4.5 (RCP4.5) experiment, in which the target
radiative forcing in 2100 is set to 4.5 Wm ™2, for the future
climate projections, because most models perform simula-
tions based on this scenario. Considering the data available
for moisture budget analysis, only one realization from each
of the 19 models was analyzed.

[8] Two sets of monthly precipitation data derived from
the Global Precipitation Climatology Project (GPCP) [Adler
et al., 2003] and the Climate Prediction Center Merged
Analysis of Precipitation (CMAP) [Xie and Arkin, 1996]
were adopted to derive the observed global monsoon fea-
tures. Since there is some inconsistency in global monsoon
rainfall over ocean regions between the GPCP and CMAP
data [Zhou et al., 2008; Hsu et al., 2011], an arithmetic mean
of the two data sets was used to reduce uncertainty. The hor-
izontal resolution of both the GPCP and CMAP data sets is

2.5° latitude by 2.5° longitude. To more accurately define
the monsoon area, the original data sets were interpolated
onto a 1° latitude/longitude grid using a bilinear interpola-
tion technique. The same interpolation approach was applied
to the CMIP5 models, which have various resolutions rang-
ing from T42 (approximately 2.8°) to T106 (approximately
1.125°), to conduct the multi-model ensemble (MME) analy-
sis. This interpolation does not affect the estimations of global
monsoon activity and its change rates. In our sensitivity test,
the distributions of monsoon area based on the original model
grid and the interpolated grid are quite similar in both the pres-
ent-day and future climate states. The monsoon change rates
derived from the interpolated and non-interpolated grid data
are also very close.

[¢9] The SST data used to evaluate the performance of the
models with respect to ENSO amplitude and the relationship
between monsoon rainfall and ENSO were obtained from
the Hadley Center global sea ice and sea surface temperature
data set (HadISST1) [Rayner et al., 2003] and the Extended
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Figure 2. Simulated GMA derived from the historical (red contours) and RCP4.5 (blue shadings) out-
puts of individual CMIP5 CGCMs. The observed GMA is also shown in the fifth row of the fourth

column.

Reconstructed Sea Surface Temperature (ERSST V3) [Smith
et al.,2008]. The HadISST1 and ERSST monthly mean SST
data have a horizontal resolution of 1° and 2°, respectively.

2.2. Methodology

[10] Precipitation is the most fundamental variable used to
describe the monsoon climate, which is characterized by a
wet summer and a dry winter. Following Liu et al. [2009],
the global monsoon area (GMA) is defined as the regions
where the annual range (i.e., the difference between local
summer and winter) of precipitation exceeds 2mmd ',
and the local summer precipitation exceeds 55% of annual
rainfall. In the Northern Hemisphere, the local summer is de-
fined as May to September (MJJAS), and the local winter is
defined as November to March (NDJFM); in the Southern
Hemisphere, the definition is just the opposite. Considering

the effect of climatology rainfall biases associated with dif-
ferent models on the GMA definition, and the possible
changes in the annual rainfall cycle under global warming,
we conducted a sensitivity test using various criteria for
the annual range of rainfall (e.g., 1.5, 2, 2.5, and 3mmd ")
and summer-to-annual rainfall ratios (e.g., 45%, 50%, 55%,
60%, and 65%) to derive the GMA. It is found that the
change rates of the GMA associated with a warming climate
are not sensitive to these ratios. The GMP is defined as the
mean of summer rainfall in the monsoon area. As the actual
area of each grid changes with latitude, an area-weighting
metric was used to calculate the GMA and GMP. A global
monsoon intensity (GMI) index is defined to measure the
global monsoon precipitation amount per unit area [Hsu
et al., 2011]. The three global monsoon indices are derived
from the climatology monthly rainfall for the periods
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Figure 3. Simulation biases of GMA (green), GMP (blue), and GMI (red) relative to observations [i.e.,
(Kinodel — Xobs. )/ Xobs.] of the 19 individual CMIP5 models. Bars with whiskers indicate 19-model
averages and inter-model standard deviations. The results derived from MME mean precipitation are
revealed in the rightmost bars. Observed GMA, GMP, and GMI are 8.25 x 10" km?, 5.67 x 10" m*d ™",

and 6.86 mmd ', respectively.

1979-2003 and 2075-2099 to illustrate the characteristics of
the present-day and future global monsoons, respectively.

[11] To analyze the interannual variability of monsoon rain-
fall and its relationship with ENSO, we examine the variations
of GMP and ENSO in a typical monsoon year [Yasunari,
1991] rather than the calendar year. The GMP includes rainfall
in both the boreal (JJA) and austral summers (DJF) through
the two successive calendar years. Similarly, the evolution of
ENSO extremes generally spans two calendar years, with a
developing phase during the early boreal summer, a mature
phase toward the end of the calendar year, and a decaying
stage in the succeeding boreal spring. Thus, a monsoon year
defined as the year between May and the following April, is
the most appropriate time frame over which to describe the
interannual variability of GMP, ENSO, and their relationship
with each other [Wang et al., 2011].

3. Climatology Global Monsoon Activity
in the Historical Simulations

[12] Figure 1 shows the spatial distributions of climatol-
ogy annual mean precipitation, the annual range of precipita-
tion, and the GMA derived from observational data and
MME mean precipitation from the 19 CMIP5 models. The
MME annual mean precipitation field agrees well with the
observations, with a pattern correlation coefficient of 0.9
(Figures la and 1d). The models capture the heavy rainfall
regions along the ITCZ, the South Pacific convergence zone
(SPCZ), the Indo-Pacific warm pool, and the midlatitude
storm tracks. However, precipitation in the Pacific ITCZ
and SPCZ is slightly overestimated.

[13] The monsoon climate features a large contrast be-
tween the wet and dry seasons. We further assess the capa-
bility of the models to simulate the annual range of rainfall
(Figure le) and associated GMA (Figure 1f). The simulated
patterns of the annual range of precipitation and the GMA
resemble the observations (Figures 1b and Ic). Six distinct
monsoons, including the Asian, Australian, North American,

South American, West African, and South African mon-
soons, are clearly produced by the MME mean precipitation
in the CMIPS historical simulations. Some biases of extended
monsoon domain are found over the Pacific and Atlantic
sectors (Figure 1f), where the annual range of precipitation
is overestimated by the models (Figure le).

[14] The ability of individual CMIP5 models to simulate the
GMA pattern, total monsoon rainfall amounts, and monsoon
intensity are presented in detail in Figures 2 and 3. Most of
the CMIP5 models reproduce the major monsoon regions rea-
sonably well. The FGOALS and MIROC model families
(GISS-E2-R and INMCM4) do not generate the western Pacific
monsoon (Australian monsoon), and thus they tend to underes-
timate the GMA (Figures 2 and 3). In contrast, some models
(GFDL-CM3, MPI-ESM-LR, and MRI-CGCM3) significantly
overestimate the GMA (Figure 3), in particular in the oceanic
monsoon area (Figure 2). These GMA biases may affect the
accuracy of the model’s GMP estimations because more (less)
monsoon rainfall would be measured within a larger (smaller)
monsoon domain. As a result, models that overestimate (under-
estimate) the GMA generally overestimate (underestimate) the
GMP. The bias is improved in the GMI, which is based on
the rainfall amount per unit area. The inter-model standard
deviation (or uncertainty) of simulated GMI is smaller than
GMA and GMP. We note that, despite large variations in
individual model performance, the GMA, GMP, and GMI
derived from the MME mean precipitation show surprisingly
good agreement with the observations (Figure 3).

4. Global Monsoon Changes Projected
by the RCP4.5 Simulations

4.1. Changes in GMA, GMP, and GMI

[15] The projected change in the GMA derived from the
MME mean precipitation in the CMIP5 models is shown
in Figure 4a. The GMA patterns projected by individual
models are shown in Figure 2. The MME result shows that
the GMA tends to expand along the edges of present-day
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Figure 4. (a) As in Figure 2 except for the GMA derived
based on the MME mean precipitation fields. (b) MME
mean monthly rainfall variations within the northern hemi-
spheric monsoon regions in the historical simulations (blue),
RCPA4.5 projections (red), and their difference (black). Units
are 10°mmd ™" on the left axis for the historical and RCP4.5
runs, but their difference is on the right axis. (c) As in Figure 4b
except for the rainfall within the southern hemispheric mon-
soon regions.

GMA under global warming. Very small areas with a de-
creased GMA are projected. The dominant feature of an
expanding GMA may arise from the enhancement of sea-
sonal rainfall cycles under global warming [Chou and Lan,
2012]. Figures 4b and 4c illustrate the monthly rainfall var-
iations within the GMA in the Northern and Southern Hemi-
spheres, respectively. In terms of an absolute change to the
rainfall amount, a prominent increase in summer monsoon
rainfall is projected over the globe. However, winter mon-
soon rainfall shows less significant changes, with a small
increase (decrease) in the northern (southern) monsoon area.
Note that, from the percent change point of view, the
increase of northern winter monsoon rainfall is comparable
to that of northern summer monsoon rainfall. The results
suggest that global warming may induce a wetter summer
over the global monsoon regions, and enlarge the contrast
between rainy and dry seasons (especially in the southern
monsoon area).

[16] To derive a quantitative measure of GMA change, we
calculate the rate of change between the historical and
RCP4.5 simulations from each CMIP5 model, as well as
the changes in the GMA derived from the MME mean pre-
cipitation under the two scenarios. Comparing GMA change
rates with increasing global mean surface air temperature
(Figure 5a) provides an indication of whether the amplitude
of GMA change is modulated by the extent of global warm-
ing. It is well known that global warming is a robust climate
change signal [/PCC, 2007], while the temperature increase
from the late 20th century to the late 21st century shows
a wide range (1-3K) among the CMIP5 projections.
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Figure 5. Changes in globally averaged surface air temper-
ature (K) versus change rates (%) of (a) GMA, (b) GMP, and
(c) GMI between the RCP4.5 (2075-2099) and historical
(1979-2003) simulations from the 19 individual CMIP5
models, and the results based on MME mean precipitation
and temperature (black triangles).
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Figure 6. Averages and inter-model standard deviations
(red bars with whiskers) of GMA, GMP, and GMI change
rates between RCP4.5 and historical simulations in the 19
CMIPS models. Pink bars show the change rates calculated
from the CMIP5 MME mean precipitation. The global mon-
soon change rates are normalized by the globally averaged
surface air temperature changes (% K '). Dark and light blue
bars are reproduced from Hsu et al. [2012] for the change
rates of GMA, GMP, and GMI between A1B (2075-2099)
and 20C3M (1979-2003) in 24 CMIP3 models.

Similarly, the increased GMA is robust in the CMIP5 models
(with the exception of MIROCS and FGOALS-g2), but with
various rates of increase ranging from 1% to 10%. The
change rate of the GMA derived from the MME rainfall is
around 3.9% (marked by a black triangle in Figure 5a).
The increase in the GMA is significant (exceeding 95% sig-
nificance level) in 14 of the 17 models and the MME result.
It is noted that the increasing rates of GMA change do not
significantly correlate with the increases in global mean air
temperature. The correlation coefficient between GMA
change rates and the air temperature anomaly projected by
the 19 CMIP5 models is around 0.25 (Figure 5a).

[17] The expansion of the GMA may make a large contri-
bution to changes in GMP, as a larger monsoon region would
probably receive more rainfall. As shown in Figure 5b, en-
hanced GMP is projected consistently by the CMIP5 models
except for MIROCS and FGOALS-g2, which predict a
reduced GMA. The enhancement of GMP is statistically sig-
nificant in 15 of the 17 models. The MME mean precipitation
indicates a 5.7% increase in GMP, which exceeds the 95%
significance level. Because the rate of increase in GMP is
generally larger than the rate of increase in GMA, the GMI
index (rainfall change per unit area) shows an increase of
1% to 6% in 17 of 19 CMIPS projections. The enhanced
GMI is significant at the 95% confidence level in 14 of the
17 models. The decreased GMI in two of the models
(MIROC-ESM and MIROC-ESM-CHEM) is due to smaller
increases in GMP than GMA (Figure 5c). No significant

linkage is found between an increase in global mean air tem-
perature and the GMP/GMI change rates.

[18] The projected changes in GMA, GMP, and GMI are
summarized in Figure 6, which shows the average change
rate from the 19 models (red bars), with the inter-model stan-
dard deviations (whiskers denote one standard deviation),
and the change rates calculated based on the CMIP5S MME
mean precipitation in the present-day and global warming
simulations (pink bars). Considering the various extents of
global warming projected by the CMIP5 models (Figure 5),
here we show the global monsoon changes normalized by
the global mean surface warming. The increasing rate of
GMP (GMA and GMI) is around 3-4% (1-2%) when the
global surface air temperature increases by 1K (Figure 6).
As a large population lives within the land monsoon regions,
the relative contributions of global monsoon changes over
the land and ocean are further examined (Table 2). The
results show that the increasing rates of GMA and GMP
over oceanic regions are about twice as large as that over
land. The GMI shows a comparable intensification over
global land and oceanic monsoon areas.

[19] The CMIP5 models generally have a higher resolu-
tion and improved model physics relative to the earlier
CMIP3 models. To gauge whether there is any difference
between the two generations of CMIP coupled models, the
change rates of the GMA, GMP, and GMI based on 24
CMIP3 model projections [reproduced from Hsu et al.,
2012] are shown in Figure 6 for comparison. While the
range of the 19 CMIP5 simulations seems slightly larger
than that generated by the 24 CMIP3 simulations, no signif-
icant differences are evident between the CMIP5 and CMIP3
models regarding the increases in the GMA, GMP, and GMI
in response to global warming. The similarity of projected
changes to the global monsoon in the CMIP3 and CMIP5
models suggests that the enhanced GMA, GMP, and GMI
represents a robust signal across the different physical
packages of these coupled models.

4.2. Moisture Diagnoses of GMP Change

[20] To develop a better understanding of the physical pro-
cesses that cause the increase in GMP, we examine a col-
umn-integrated moisture budget within the GMA from both
the present-day and future warming simulations. The GMP
changes may be attributed to changes in horizontal moisture
advection, moisture convergence associated with vertical
motion, and surface evaporation, as shown in the following
equation:

AGMP = —A(V - Vq) — A(qV - V) + AE (1)

[21] where V is the horizontal vector wind, q is the spe-
cific humidity, E is evaporation, ( ) indicates a vertical

Table 2. Change Rates (%) of Land and Oceanic GMA, GMP, and GMI Between the Historical and RCP4.5 Simulations®

GMA GMP GMI
Change Rate (%) Land Ocean Land Ocean Land Ocean
19-model avg. (inter-model STD) 1.89 (£3.11) 3.85 (£8.27) 445 (£4.11) 7.67 (£10.81) 2.52 (£2.11) 3.17 (£3.51)
MME rainfall 2.93 6.7 4.56 9.62 2.11 2.8

i.e., (Xrepa.s — Xnistorical) Xnistoricat]- Upper panel indicates the averages and inter-model standard deviations of global monsoon change rates derived
from the 19 individual models. Bottom panel presents the change rates calculated from the MME mean precipitation.
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Moisture budget in CMIP5 (difference between 2075-2100 and 1979-2003)
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Figure 7. Moisture processes responsible for the GMP change in the 19 CMIP5 models. Changes in
GMP, horizontal moisture advection, moisture convergence, and surface evaporation within the GMA
(from left to right). Averages and inter-model standard deviations of the 19-model simulations are repre-

sented by black bars with whiskers (units 10'* W).

integration from 1000 to 100 hPa, V is the horizontal gradi-
ent operator, and the operator A() represents the difference
between global warming and present-day simulations
(RCP4.5 minus historical simulations).

[22] The possible causes of changes in GMP in the indi-
vidual CMIP5 models are shown in Figure 7. Overall, the
enhanced GMP can be attributed to the increases in both
the moisture convergence and surface evaporation under
global warming. However, horizontal moisture advection
makes an insignificant contribution to the increased GMP.
Two models (FGOALS-g2 and MIROCS) with a decreased
GMP show opposite moisture processes. The 19-model av-
eraged result (black bars) indicates that the increased mois-
ture convergence and surface evaporation make comparable
contributions to the increased GMP.

[23] As changes in moisture and circulation both affect the
changes in moisture convergence and evaporation, we further
examine their relative contributions. As shown in equation
(2) below, the difference of the moisture convergence term
can be attributed to the difference of moisture convergence
between present-day and future climate over the overlapping
regions of present-day and future GMA plus the difference
between the future moisture convergence over the GMA
extension regions and the present-day moisture convergence
over the GMA reduction regions.

_A<q X D> = (Z<ng X Dgw — qpd X Dpd>
A1

+ > (gew X Dgw) — > {gpa % Dpd>> )

Ao Ao

[24] Here, the D indicates the divergence, and subscripts
pd and gw denote the present-day and global warming simu-
lations respectively. 4, represents the overlapping regions
of present-day and future GMA, A4, represents the regions
that belong to present-day GMA but not future GMA, and
Ap; denotes the regions that belong to future GMA but not
present-day GMA. Because of relatively small areas of 4,
and Ay, compared to the overlapping GMA area, we assume
a uniform moisture field within 4, and 4o;. Thus, the mois-
ture convergence change term may be further decomposed

into contributions from the dynamic process (ADY), the
thermodynamic process (ATH) and the nonlinear process
(ANL), as below.

- A<q X D> == <Z<qgw X Dgw — 4pa X Dpd>

An

+<q—gw“°l x ZDgW> ~ <mf‘w X ZD,,4>>
Ao Ao

= ADY + ATH + ANL
ADY = — <Z<de X (Dgw - pd)>
An
+<%A - (Z Dgw ZDPd) >>
Aol Ao
ATH = — ( ((ggw — gpa) X Dypa)
An
LR
Ao
ANL = — (Z“%ﬁv - qu) X (Dgw Dpd)>
An

+<(TgwAm 7%7/410) % (ZDngDpd> >> (3)
A0

Ao

[25] In equation (3), the over bar with 4y, (4;0) indicates
the area average over Aoy (419). ADY is the part of GMP
change associated with circulation change. ATH is the part
of GMP change related to the water vapor change. ANL arises
from the co-variation of circulation and water vapor changes.

[26] A similar approach was applied to the surface evapo-
ration term. The change of surface evaporation may be
expressed as

AE :Lp Cg (Z [Wgw X (qu - qa)gw - I/Vpaf X ((Is - qa)pd]
An

37 [P x (0= 0] =3 [Woa (0. - qa>pd}> @)

Ao Ao
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[27] where L is the latent heat, p is the air density at stan-
dard sea-level, Cp is the exchange coefficient, IV is the sur-
face wind speed, and ¢, and g, are the specific humidity at
the sea surface and at 10 m, respectively. The total evapora-
tion difference term may be decomposed into three parts:

AE = LpCg <Z [Wgw X (s = qa)gw = Wpa X (g5 — qa),,d]

An

S )
Ao 410
= ADY + ATH + ANL
ADY = LpCg (Z [(Wgw — Wpa) % (g — (Ia)pd}
An
— 4
+ (Z Wew =D Wd) x (45— da)pa )
Ao Ao

ATH = LpC <Z {Wpd x [(qx — Ga)gw — (a5 — qa)pd} }

An

A A
+Z Wpd X {(% - qu)gw Y- (qS - qd)pd '“:|>

Ao

ANL = LpCp (Z {(Wgw — Wpa) X [(qs —a)gw — (@5 — qa)pd] }

An
(Z Wew — Z Wpa) x [ qa)gwAOI —(gs — qa)pdA IO])
(5)

Ao

(a) Diagnosis of moisture convergence

25

[28] where the first term in the right-hand side (ADY) is at-
tributed to changes in surface wind speed, the second term
(ATH) is attributed to changes in sea-air specific humidity
difference (¢; — ¢q.), and the third term (ANL) is attributed
to the nonlinear process related to both the wind speed and
the humidity difference changes.

[29] The contributions of dynamic, thermodynamic, and
nonlinear processes to the changes in moisture convergence
and evaporation are shown in Figure 8. A robust feature sim-
ulated by the CMIP5 models is that the thermodynamic ef-
fect due to increased water vapor content plays an important
role in enhancing both the moisture convergence and evapo-
ration. However, the dynamic effect is less consistent among
models, and shows different contributions to moisture con-
vergence (Figure 8a) and evaporation (Figure 8b). Most of
the CMIP5 models (15 of 19) suggest a decrease in monsoon
rainfall associated with a weaker monsoon convergence flow
under global warming. Although the thermodynamic com-
ponent is offset to a large extent by the dynamic component,
it still dominates the increased GMP (Figure 8a). As for
evaporation, the dynamic effect related to the increased sur-
face wind speed reveals positive, but minor, contributions in
numerous CMIP5 models and in the 19-model averaged re-
sult (Figure 8b). Global distributions of surface wind speed
change (not shown) confirm the strengthening of wind speed
over monsoon regions. A decrease in wind speed occurs
over the tropical oceans. Consequently, the enhanced sur-
face evaporation may be driven by both the thermodynamic
and dynamic contributors. The nonlinear terms are negligi-
ble in all of the simulations. It is worth indicating that the
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(a) Contributions of the changes in circulation, moisture, and the nonlinear product of the two

changes (from left to right) to the moisture convergence change derived from the 19 CMIP5 models and
the averages/inter-model standard deviations of all models. (b) As in Figure 8a but for the contributions of
the surface wind speed change the moisture change, and the nonlinear product of the two changes to the

evaporation change (units 10" W).
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effects of surface wind speed on the GMP change here are
different from the results projected by some high-resolution
AGCMs [Hsu et al., 2012]. Whether the global warming
would induce a slowdown of tropical circulations remains
uncertain [Vecchi and Soden, 2006; Richter and Xie, 2008;
Solomon and Newman, 2012; Meng et al., 2012].

5. Interannual Variability of Global Monsoon
Precipitation

[30] To determine the intensity of the interannual variabil-
ity of the present-day and future GMP, we calculate the
interannual standard deviation of GMP over the 25 year per-
iods 1979-2003 and 2075-2099, respectively (Figure 9a).
While individual CMIP5 models simulate a wide range in
the intensity of interannual variability in GMP, the average

35

of models (16.3 x 10°m*d™") is close to the observation
(18.8 x 10°m>d™"). More than half of the simulations (12
of 19 models) show a strengthening of year-to-year GMP
variation in the RCP4.5 projections. The average of the 19-
model projection is 18.6 x 10°m>d~". This intensification
of interannual variability in GMP is statistically significant
at the 90% level (z-test). The changes in the interannual var-
iability of the land and oceanic monsoon rainfall are further
compared in Table 3. The amplitude of interannual variabil-
ity of the oceanic monsoon rainfall is larger than that of the
land monsoon rainfall in both the present-day and future cli-
mates. However, the stronger change in the year-to-year
GMP rainfall comes from the land monsoon. The increase
in the interannual standard deviation of land monsoon rain-
fall from historical (8.3 x 10°m>d ") to RCP4.5 (10.4 x 10°
m®d ") simulations reaches a 95% significant level. This
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Figure 9. Standard deviations of simulated (a) GMP (10’ m>d™") and (b) Nifio3.4 SSTA averaged over
the monsoon year (K) for 1979-2003 in the historical run (blue bars) and for 2075-2099 in the RCP4.5
run (orange bars) from the 19 CMIP5 models and the average values of all models. Observations
(1979-2003) are shown by the green bars. (c) As in Figures 9a and 9b but for the correlation coefficients
between GMP and Nifio3.4 SSTA. Black dashed line denotes the 95% significance level.
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Table 3. Strengths of Interannual Variability of GMP Over Land and Ocean Based on Observations (1979-2003), CMIP5 Historical
Simulations (1979-2003), and RCP4.5 Projections (2075-2099), and the Correlation Coefficients Between GMP and Nifio3.4 SSTA Dur-

ing the 25 year Periods®

STD of 25 year GMP (unit: 10°m*d™")

GMP-ENSO Correlation Coefficient

Scenarios Land Ocean Land Ocean
Observation 9.2 12.9 HadISST —0.65: —0.38
ERSST —0.67 —0.38

Historical 8.3 12.5 —0.46" —0.29
RCP4.5 104 13.3 —0.57" -0.29

“Correlation coefficients exceeding 95% confidence level are marked by asterisks.

suggests that more extreme wet and dry events may occur
over global land monsoon regions as the climate warms
[Lu and Fu, 2010; Turner and Annamalai, 2012].

[31] The El Nifo-Southern Oscillation is considered to
have been a crucial factor in modulating the year-to-year
GMP variations over past decades [e.g., Zhou et al., 2008;
Wang et al., 2011], so it is desirable to examine the projected
changes in ENSO and their relationship with changes in the
interannual variability of GMP. In contrast to the significant
enhancement of GMP variations at the interannual time scale
(Figure 9a and Table 3), the average interannual variability
of the Nifio3.4 SST anomaly (SSTA) from the 19 CMIP5
models indicates a stable, or slightly weaker, ENSO in the
future projections relative to the present-day simulations
(Figure 9b). This result is consistent with the findings of
Kim and Yu [2012], who found a weaker intensity of the
eastern Pacific ENSO in the RCP4.5 projections compared
with that in the historical simulations. It is interesting to note
that although ENSO intensity tends to weaken in the future
projections, the general ENSO-GMP relationship remains
significant, and even becomes stronger under global warm-
ing (Figure 9c and Table 3). In the present-day simulations,
around 90% (17 of 19 CMIP5 models) of the models repro-
duce the negative correlation between GMP and ENSO seen
in the observations [Wang et al., 2011]; while only two mod-
els (CCSM4 and MRI-CGCM3) produce positive correla-
tion coefficients. The average correlation coefficient from
the 19 models is —0.45, which exceeds the 95% significant
level. Under the RCP4.5 scenario, the negative correlation
between GMP and ENSO is consistently projected by the
CMIPS models (with the exception of MRI-CGCM3), and
more than half show an intensification (Figure 9c). The 19-
model averaged correlation coefficient is —0.53 in the
RCP4.5 projection, which is larger than present-day result
(r=—0.45). A further comparison of ENSO influence on
monsoon rainfall over land and oceanic regions (Table 3)
shows that ENSO forcing is significantly correlated with
land monsoon rainfall in both observation and the historical
simulations. This linkage is enhanced under global warming.
In contrast, the correlation between ENSO events and oce-
anic monsoon rainfall is not statistically significant and
shows no apparent changes under a warmer climatic regime
(Table 3).

[32] To confirm the role of ENSO in modulating the inter-
annual variability of GMP, we analyze the spatial distribu-
tion of the correlation coefficient between the GMP and
global SST. The observed HadISST/ERSST anomalies and
GMP are negatively correlated over the tropical central-
eastern Pacific and Indian Ocean, but positively correlated

in the western Pacific (Figures 10a and 10b). As in the obser-
vation, there is a well-defined relationship between GMP
and local SST in the central-eastern Pacific shown in the av-
erage correlation map from the 19 CMIPS5 historical simula-
tions. The positive (negative) correlation is also found in the
western Pacific (Indian Ocean), while it is less significant in
the models (Figure 10c). This indicates the dominance of the
ENSO signal in the interannual variability of GMP in the
models. The future projected GMP-SST correlation pattern
resembles the present-day simulations, and ENSO remains
the most important oceanic forcing of the year-to-year
GMP variations under global warming (Figure 10d). The
analysis of the relationship between GMP and ENSO (Fig-
ures 9¢ and 10) suggests that the interannual variability of
GMP may have potential predictability if the models can
reasonably capture the fluctuation of the ENSO phase [Zhou
et al., 2008].

[33] Many studies pointed out the obvious internal vari-
ability of interannual-to-decadal monsoon and ENSO vari-
ability [e.g., Goswami, 2006]. In order to assess the internal
variability of the GMP-ENSO relationship, we analyze the
correlations between the GMP and Nifo3.4 SST in a
200 year segment of control simulations from the individual
CMIPS5 models. The results indicate that a negative correla-
tion between the GMP and the ENSO is simulated consis-
tently by the 19 CMIP5 models (Figure 11a). This is similar
to the observation and historical run over a 25 year period
(1979-2003). This suggests that the GMP-ENSO relation-
ship obtained from the 25 year historical runs is not forced
by external forcing, such as greenhouse gases and aerosols.
In other words, the interannual-to-decadal variability of the
GMP is largely due to internal processes of the atmosphere.
In order to confirm the enhanced GMP-ENSO linkage asso-
ciated with global warming (Figure 9c), we repeat the
25 year analysis using longer (50 year) data from both the
present-day and future-warming simulations (Figure 11b).
Consistent with the results of the 25year analysis, the
strengthening GMP-ENSO correlation is found in the aver-
age of the 19 CMIPS projections.

6. Conclusions

[34] In contrast to previous monsoon studies that focused
on changes at the regional scale, this study examined the
variability of the global monsoon [Trenberth et al., 2000;
Wang and Ding, 2006] under present-day (1979-2003) and
future (2075-2099) climate states by analyzing the historical
and RCP4.5 simulations of 19 CMIP5 models. An evalua-
tion of the CMIPS historical simulations shows that the
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(a and b) Correlation patterns between observed GMP and SST anomalies averaged over the

monsoon year for 1979-2003. The HadISST is used in Figure 10a while the ERSST is used in Figure 10b.
(c and d) Same as Figures 10a and 10b but for the averages of correlation patterns from the 19 CMIPS
models under the historical (1979-2003) and RCP4.5 (2075-2099) scenarios, respectively. Areas exceed-

ing 95% significant level are shaded.

GMA derived from the MME mean precipitation resembles
the observations, with six distinct monsoon systems (Asian,
Australian, North and South American, and West and South
African monsoons) over the globe. The MME mean precip-
itation also produces accurate quantitative estimations of the
GMA, GMP, and GMI, although the spread of individual
model simulations is large.

0.4

[35] The GMA, GMP, and GMI all increase as the climate
warms. The rates of increase of GMA, GMP, and GMI based
on the CMIP5 simulations are around 1.9% K, 3.2% K,
and 1.3% K ', respectively, and are surprisingly consistent
with the CMIP3 results. This implies that the enhanced mon-
soon variability is a robust signal projected by these coupled
models with different model physics, resolutions, and SST
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warming patterns [Hsu et al., 2012]. The expansion of the
GMA is associated with the changes in the annual rainfall
cycle in response to greenhouse gas warming forcing [Chou
and Lan, 2012]. The CMIP5 models project a wetter sum-
mer, but little change to winter rainfall, over global monsoon
regions, suggesting that global warming tends to induce an
increase in the annual range of monsoon precipitation.

[36] To understand the physical processes responsible for
the increased GMP, we examined the column-integrated
moisture budget equation within the GMA. The results indi-
cate that the increase in GMP is primarily caused by
increases in moisture convergence and surface evaporation,
whereas the effect of moisture advection is insignificant.
Moisture convergence and surface evaporation include both
the thermodynamic component associated with increased
water vapor and the dynamic component related to changes
in circulation. Further analysis indicates that the thermody-
namic effect contributes positively to the moisture conver-
gence, but is partly offset by the dynamic effect associated
with a weakened monsoon circulation. The offsetting effect
between the thermodynamic and dynamic components of
the moisture convergence process was also seen in the mod-
ulation of regional monsoon rainfall changes [Cherchi et al.,
2010; Moise et al., 2012]. Fewer studies have discussed the
moisture processes related to surface evaporation change
over monsoon regions. Our analysis shows that the enhanced
surface evaporation within the GMA is primarily attributed to
the increase in sea-air specific humidity difference. Changes
to surface wind speed are a minor contributor to the increase
in surface evaporation. The MME mean of the CMIPS5 simu-
lations shows a strengthening of wind speed in the global
monsoon regions, but a reduction in wind speed over most
of the tropical oceans.

[37] The CMIPS5 models reproduce the amplitude of year-
to-year GMP variability, and its negative correlation with
ENSO found in observations [Zhou et al., 2008; Wang
et al., 2011]. The average of the 19-model simulated correla-
tion coefficients between GMP and Nifo3.4 SSTA during
a historical 25 year period (1979-2003) is —0.45, which is
statistically significant at the 95% level. This GMP-ENSO
relationship is also robust in the long (200year) control
integrations, suggesting that the interannual variability of
GMP in the historical runs arises from processes internal
to the coupled ocean-atmosphere system. Under global
warming, the interannual variability of GMP is intensified,
especially for rainfall variability over land monsoon regions.
The relationship between GMP and ENSO also strengthens,
with a correlation coefficient of —0.53 for the period
2075-2099. This suggests that the ENSO signal can be used
as a potential predictor of the severe wet/dry global monsoon
events under a future warmer climatic regime.
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