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ABSTRACT

Based on experiments with the Community Earth System Model, version 1 (Community Atmosphere Model, version 5)
[CESM1(CAMS)], and an observational dataset, we found that CESM1-CAMS is able to reproduce global monsoon (GM)
features, including the patterns of monsoon precipitation and monsoon domains, the magnitude of GM precipitation (GMP,
the local summer precipitation), GM area (GMA), and GM percentage (the ratio of the local summer precipitation to annual
precipitation). Under the Paris Agreement temperature goals, the GM in CESM1-CAMS displays the following changes: (1)
The GMA is ambiguous under the 1.5°C temperature goal and increases under the 2.0°C temperature goal. The increase
mainly results from a change in the monsoon percentage. (2) The GM, land monsoon and ocean monsoon precipitation all
significantly increase under both the 1.5°C and 2.0°C goals. The increases are mainly due to the enhancement of humidity
and evaporation. (3) The percentages of GM, land monsoon and ocean monsoon feature little change under the temperature
goals. (4) The lengths of the GM, land monsoon and ocean monsoon are significantly prolonged under the temperature goals.
The increase in precipitation during the monsoon withdrawal month mainly accounts for the prolonged monsoons. Regarding
the differences between the 1.5°C and 2.0°C temperature goals, it is certain that the GMP displays significant discrepancies.
In addition, a large-scale enhancement of ascending motion occurs over the southeastern Tibetan Plateau and South China
under a warming climate, whereas other monsoon areas experience an overall decline in ascending motion. This leads to an

extraordinary wetting over Asian monsoon areas.
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1. Introduction

The 2015 Paris Agreement proposed “Holding the in-
crease in the global average temperature to well below 2°C
above pre-industrial levels and pursuing efforts to limit the
temperature increase to 1.5°C above pre-industrial levels”
(UNFCCC, 2015). To achieve the 1.5°C warming target, the
concentrations of greenhouse gases (GHGs) must decline be-
fore 2060; whereas the GHG concentrations must decrease
before 2085 to realize the 2°C warming target (Sanderson
et al., 2016). As the concentrations of GHGs decrease, the
global mean temperature (GMT) exhibits warming inertia
(Held et al., 2010; Chadwick et al., 2013), which is mainly
due to the large capacity of heat storage of the deep ocean
(Held et al., 2010). The role of the deep ocean after the
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decrease in GHG concentrations is quite different to its role
when the concentration increases. It leads to a very differ-
ent ocean surface warming pattern and, consequently, a dif-
ferent climate response in the atmosphere (Chadwick et al.,
2013; Long et al., 2014). Thus, climate change under a 1.5°C
warming scenario may not be linearly speculated from the
results under the +8.5 W m~2 Representative Concentration
Pathway scenario (RCP8.5), under which the GHG concen-
trations do not decline.

It must be noted that the Paris Agreement did not spec-
ify the trajectory of carbon emissions for realizing the 1.5°C
warming goal and that a slight exceedance of 1.5°C before
2100 is permitted. A previous study demonstrated that differ-
ent trajectories of GHG radiation that reach a 2°C warming
result in different regional responses in precipitation (Good
et al., 2016). Therefore, climate change in a 1.5°C warming
world is likely subject to the trajectories of GHG radiation.

Monsoon climates display strong seasonality, convention-
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ally characterized by a distinct wet summer and dry winter.
Across the globe, areas affected by monsoons account for ap-
proximately 20% of Earth’s surface, and the monsoon pre-
cipitation accounts for 30.8% of all precipitation (Wang and
Ding, 2008). Moreover, more than two-thirds of the world’s
population lives in monsoon areas. The variability of mon-
soon precipitation may exert profound social and economic
influences on people that live in monsoon areas.

The global monsoon (GM) displays some responses to
a warming world. Under the RCP4.5 scenario, CMIP5 re-
sults show that the GM area will not change significantly;
the GM onset will be advanced, and its withdrawl will be de-
layed (Lee and Wang, 2014); and the GM precipitation will
increase, primarily led by increases in moisture convergence
and surface evaporation (Hsu et al., 2013).

However, the GMT increase suggested by CMIP5 mod-
els under RCP4.5 at the end of the 21Ist century will be
above 2.0°C (Good et al., 2016), and is different from the
temperature goal of the Paris Agreement. Even the GMT in
the multi-model mean of the RCP2.6 experiment, the low-
est emission scenario, is above 1.5°C in 2100 (Wang et al.,
2017). Thus, the GM behaviors under the 1.5°C tempera-
ture goal are not clear. Recently, the Community Earth Sys-
tem Model, version 1 (Community Atmosphere Model, ver-
sion 5) [CESM1(CAMS)] conducted a “low warming” ex-
periment (Sanderson et al., 2017), which may be the first
set of simulations whose GMT increase is 1.5°C at 2100
relative to the pre-industrial level. To compare to climate
change when the GMT increase is 2.0°C, “2.0°C warming”
experiments are also conducted. By analyzing the outputs of
CESM1(CAMS), this study intends to address the following
problems: Will GM characteristics change significantly be-
low the 1.5°C temperature goal? Will the characteristics dis-
play significant discrepancies below 1.5°C compared to the
2.0°C temperature goal?

Section 2 introduces the data and methods of the
present study. Section 3 assesses the reproducibility of
CESM1(CAMS) in terms of GM features. Section 4 discusses
the future change in GM, as well as ocean and land mon-
soons, under the Paris Agreement temperature goals. Section
5 is a summary and discussion.

2. Data and methods

The study presented herein is mainly based on experi-
ments of CESM1(CAMS). CESM1(CAMS) is composed of
coupled atmosphere, ocean, land, and sea-ice component
models. The horizontal resolutions of all the model compo-
nents is approximately 1°. It includes the atmospheric carbon
dioxide cycle, the land carbon cycle and ocean biogeochem-
istry. It is introduced in more detail in Kay et al. (2015) and
Sanderson et al. (2017). The experiments used for this study
are:

(1) Large ensemble experiment (LE). Ensemble 1 of the
LE experiment is forced by well-mixed GHGs, short-lived
gases and aerosols and ozone from 1850-2005. Ensemble 2
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is driven by the same forcing as ensemble 1, but from 1920-
2005; its initialization is the same as that used for 1 January
1920 of ensemble 1, but the ocean temperatures are lagged by
one day. Ensembles 3-35 are driven by the same forcing as
ensemble 2; their initializations are the same as that used for
1 January 1920 of ensemble 1, except for the air temperature
with round-off (order of 10-14 K) differences.

(2) 1.5°C warming (never exceeding) experiment (1.5NE).
In this scenario, the expected multi-year GMT never exceeds
1.5°C above pre-industrial levels (1850-1920 mean). Before
2017, emissions are the same as RCP8.5. After 2017, carbon
emissions rapidly decline and reach half of the 2017 levels in
2027. The net combined carbon emissions decrease to zero
in 2038. Carbon emissions reach a peak net negative level
(-1.8 GtC yr’l) in 2065. After this, negative emission fluxes
are reduced, reaching —0.9 GtC yr~! by 2100.

(3) 1.5°C warming (overshoot) experiment (1.50S). In
this experiment, the expected GMT is slightly overshot be-
fore returning to 1.5°C by 2100. The emissions are the same
as in 1.5NE, with the exception of the following cases: (a) af-
ter 2017, emissions decrease slightly less rapidly than those
in 1.5NE and reach halves of 2017 levels in 2032; (b) net
combined carbon emissions reach zero in 2046; (c) after
2046, the corresponding fluxes of negative emissions are
greater than than those in 1.5NE and reach a peak (—4.0
GtC yr‘]) in 2080; and (d) after 2080, negative emissions
are rapidly reduced and reach —1.0 GtC yr~! in 2100.

(4) 2.0°C warming (never exceeding) experiment (2.0NE).
The experiment is the same as 1.5NE except for the follow-
ing: (a) the expected multi-year GMT never exceeds 2.0°C;
(b) after 2017, the emissions decrease much less rapidly
than in 1.5NE and reach halves in 2042; (c) net combined
emissions reach zero in 2078; (d) then, negative emissions
occur and reach a peak net negative flux (-0.8 GtC yr~!) in
2120.

The LE, 1.5NE, 1.50S and 2.0NE experiments respec-
tively include 35, 10, 5 and 10 members. The information
for the LE experiment is introduced in Kay et al. (2015) in
detail, whereas the 1.5NE, 1.50S and 2.0NE experiments are
introduced in Sanderson et al. (2017). The global mean sur-
face temperature during 2071-2100 is 1.07°C, 1.16°C and
1.58°C in the 1.5NE, 1.50S and 2.0NE experiments, respec-
tively, relative to that during 1980-2005 in the LE experi-
ment. The total precipitation is the sum of convective pre-
cipitation and large-scale precipitation. Evaporation is absent
in CESM1(CAMS) outputs and is computed from the surface
latent heat flux.

The observational data that are used to evaluate the repro-
ducibility of CESM1(CAMS) include the (1) Global Precipi-
tation Climatology Project (GPCP), version 2.3 (Adler et al.,
2003), and (2) Center for Climate Prediction Merged Analy-
sis of Precipitation (CMAP; Xie and Arkin, 1997). Both sets
of precipitation data have a 2.5° horizontal resolution. Here,
the evaluation focuses on the period from 1980-2005. Since
the resolutions of CESM1(CAMS) and observations are in-
consistent, we interpolate the observational data into grids
that are the same as CESM1(CAMYS).
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The model reproducibility is assessed based on the §-
index (Taylor, 2001; Hirota et al., 2011), defined as
(1+R)*

P L A )
4(SDR+ gl )’

where R is the spatial correlation and SDR is the spatial stan-
dard deviation in CESM1(CAMS) against that in the obser-
vation. Supposing that the evaluated variable is the same
in CESM1(CAMYS) and in the observation (R equals 1.0 and
SDR equals 1.0), we can speculate that the best reproducibil-
ity corresponds to S = 1.0.

In addition, we employed the Student’s ¢-test to evaluate
the significance level of different samples. The standard de-
viation used in the test is the inter-ensemble spread.

3. Climatology of the GM in CESM1(CAMS)

Monsoon climates feature wet summers and dry winters.
Precipitation variation is an important factor for measuring it.
Following Hsu et al. (2011, 2013) and Lee and Wang (2014),
the GM area (GMA) is defined as the domains where the dif-
ference between local summer and local winter mean precip-
itation exceeds 2 mm d~!, and the local summer precipita-
tion accounts for no less than 55% of annual rainfall. In the
Northern Hemisphere, the definition of local summer is May
to September, and the local winter is November to March;
in the Southern Hemisphere, the definition is the reverse. At
the equator the precipitation is set to 0. The GM precipita-
tion (GMP) is the local summer mean precipitation; the GM
annual range (GMR) is the difference between local summer
mean precipitation and local winter mean precipitation; the
GM intensity (GMI) is GMR normalized by annual mean
rainfall. The GM percentage is defined as the ratio of the
local summer precipitation to annual precipitation. In the fol-
lowing, the GMP, GMR, GMI and GM percentage are the
area averages of the corresponding variables over the GMA
with latitudinal weighting. In this study, we focus on the lati-
tudes between 60°S and 60°N.

Figure 1 displays the climatological distribution of
monsoon precipitation and area during 1980-2005. The
CESM1(CAMS) LE experiment reproduces the gross fea-
tures of the GMP well, such as the intertropical convergence
zone, the South Pacific convergence zone, the mei-yu/baiu
rainbelt and the Indo-Pacific warm pool (Fig. 1). Between
60°S and 60°N, the pattern correlation coefficients (PCCs)
between the CESM1(CAMS) LE single experiment and the
GPCP range from 0.828 to 0.839, whereas the correlation co-
efficients between CESM1(CAMS5) and CMAP range from
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0.832 to 0.844 (Table 1). The S-indices, which measure
model reproducibility, between the CESM1(CAMS) LE sin-
gle experiment and the GPCP range from 0.693 to 0.709, and
the indices between CESM1(CAMS5) and CMAP range from
0.703 to 0.723. In addition, the GMR, GMI and GM percent-
age are calculated. The PCCs and S -indices display simi-
lar results (Table 1). Thus, CESM1(CAMS) reproduces the
global patterns of the features associated with the GM well,
whereas the ability to describe the GM’s spatial variation is
slightly worse than that of the global patterns.

CESM1(CAMYS) reproduces most of the monsoon do-
mains well (the GMA is outlined by red lines in Fig. 1),
including the Australian monsoon, tropical North African
monsoon, South African monsoon, North American mon-
soon and South American monsoon domains. Over land, the
Asian monsoon domain is reasonably reproduced; whereas
over ocean, the adjacent western North Pacific monsoon re-
gions are not reasonably simulated. This deficiency is also
observed in CMIP5 models (Hsu et al., 2013; Lee and Wang,
2014). In CESM1(CAMYS), over the western North Pacific,
the ratio of local summer precipitation to annual rainfall is
generally less than 0.55 (figure not shown), which leads to
the simulation deficiency.

The GMA in GPCP and CMAP is 8.16 x 107 km?
and 8.48 x 107 km?, respectively. For the 35 members of
the CESM1(CAMS) LE experiment, the GMA ranges from
8.06x 107 km? to 8.51 x 107 km?. Some members are able
to capture the observational GMA, indicating the good repro-
ducibility of CESM1(CAMS) with respect to the GMA.

CESM1(CAMS) reasonably reproduces the mean GMP
and GM percentage. The averaged GMP over the GMA in
CESM1(CAMS) ranges from 6.14 to 6.29 mm d~!, whereas
they are 6.12 mm d~! and 6.28 mm d~! in GPCP and CMAP,
respectively (Table 2). The averaged GM percentage over
the GMA in CESM1(CAMS) ranges from 70.9% to 71.9%,
slightly higher than observed values (70.4% and 70.1% in
GPCP and CMAP, respectively). This very small bias is ac-
ceptable.

In CESMI1(CAMS), the summer—winter rainfall con-
trast is more prominent. It overestimates the GMR, rang-
ing from 4.76 mm d~! to 4.88 mm d~!, or 3%—6% higher
than observations (Table 2). In turn, the overestimated GMR
leads to a GMI that is higher than observed [1.36-1.40 in
CESM1(CAMS), 1.31 in GPCP and 1.30 in CMAP].

Generally, CESM1(CAMYS) reproduces the global pattern
of the features associated with the GM well, as well as the
GMA and the global mean GMP and GM percentage. There-
fore, using CESM1(CAMY) to discuss the future change in
GMA, GMP and GM percentage is viable.

Table 1. Ranges of PCCs and S -indices for CEMS1(CAMS) LE experiments and observations.

GMP GMR GMI GM percentage
PCC S -index PCC S -index PCC S -index PCC S -index
GPCP  0.828-0.839 0.693-0.709 0.817-0.833  0.668-0.693  0.806-0.827  0.664-0.696  0.806-0.827  0.665-0.696
CMAP 0.832-0.844 0.703-0.723  0.787-0.808  0.628-0.657  0.826-0.845  0.695-0.725 0.824-0.843  0.691-0.720
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Fig. 1. Climatology of monsoon rainfall (color shading; units: mm d~!) and monsoon area (red
lines) in (a) GPCP, (b) CMAP and (c) the multi-EM of the CESM1(CAMS) LE experiment. The
monsoon rainfall is the local summer mean rainfall, where local summer is May to September
in the Northern Hemisphere and November to March in the Southern Hemisphere. The period

is 1980-2005.

Table 2. Area-average GM associated indices over the GMA.

GMP GMR GM
GMI
(mmd~1) (mmdh percentage
GPCP 6.12 4.59 1.31 0.704
CMAP 6.28 4.64 1.30 0.701

CESM1(CAMS) 6.14-6.29 4.76-4.88 1.36-1.40 0.709-0.719

4. Future changes in the GM
4.1. GMA

To predict future changes, we define the “present day”
(LE experiment) as 1980-2005, and the “end of the 21st cen-
tury” as 2071-2100 (also called “future” for short). To com-
pute GMA differences, two methods are employed: (1) We

first compute the ensemble mean (EM) of the climatological
precipitation in each scenario; then, the GMAs, as well as
their differences, are computed based on the EMs (displayed
as bars in Fig. 2). (2) We gain a GMA from the climatologi-
cal precipitation in each ensemble, and then the mean GMA
is computed in each scenario. Finally, the differences are
obtained by comparing mean GMAs between scenarios (dis-
played in Fig. 2 as solid circles and error bars). The GMA
differences based on the two methods are slightly different,
but the gross changes are similar. Compared to present-day
climate, the gross GMAs significantly expand under 1.50S
and 2.0NE (approximately 1.7%), whereas little change oc-
curs under 1.5NE (Figs. 2a—c). Interestingly, despite nearly
the same GMT change in 2100, different carbon emissions
lead to different GMA changes. If the GMT increase rela-
tive to the pre-industrial level reaches both 1.5°C and 2.0°C
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Fig. 2. GMA differences (units: 10° kmz) (a) between 1.5NE and LE, (b) between 1.50S and LE, (c) between 2.0NE
and LE, (d) between 1.50S and 1.5NE, (e) between 2.0NE and 1.5NE, and (f) between 2.0NE and 1.50S. The GMAs
are based on the EM precipitation of each experiment. On the x-axis, D represents the corresponding GMA differences,
E1 (S1) represents the GMA expansion (shrinkage) due to monsoon precipitation only, E2 (S2) represents the GMA
expansion (shrinkage) due to the ratio of monsoon precipitation to annual precipitation only, and E3 (S3) represents
the GMA expansion (shrinkage) due to both monsoon precipitation and the ratio. The results displayed in bars are
computed by using “method 1”. The gray, mesh and dotted bars respectively denote the results of the global, ocean and
land monsoon. The solid dots and error bars are the corresponding GMA differences computed by using “method 2”

and their 95% confidence intervals.

without exceeding them, the 0.5°C difference leads to a sig-
nificance change in GMA (Fig. 2e).

To investigate the causes of the GMA change, we com-
pare the GMAs of the scenarios. Consider the GMA change
in 1.5NE relative to LE, for instance. First, we determine the
area inside the GMA of 1.5NE but outside of the GMA of
LE, named the “expansion area”. Then, we classify the “ex-
pansion area” into three categories. (1) E1: This area expands
due to GMR only. More precisely, in this area in the LE ex-
periment, the percentage of monsoon precipitation is no less
than 55% and the monsoon precipitation annual range is less
than 2 mm d~!; under the 1.5NE scenario, the percentage is

still no less than 55% and the annual range increases to no
less than 2 mm d~!. (2) E2: The area expands due to GM
percentage only. In the LE experiment, the monsoon precip-
itation annual range in E2 is no less than 2 mm d~! and the
percentage of monsoon precipitation is less than 55%; under
the 1.5NE scenario, the annual range is still no less than 2
mm d~!, and the percentage increases to no less than 55%.
(3) E3: The area expands due to both GMR and the GM per-
centage. In the LE experiment, the monsoon precipitation an-
nual range in E3 is less than 2 mm d~' and the percentage
of monsoon precipitation is less than 55%; under the 1.5NE
scenario, the annual range increases to no less than 2 mm d-!
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and the percentage increases to no less than 55%. Similarly,
we define the GMA shrinking area and classify the area into
three categories named S1, S2 and S3. The changes in the
specified areas are displayed as bars in Fig. 2. In all compar-
isons, the areas that occur due to GM percentage change are
the greatest (see terms E2 and S2 in Fig. 2). The net changes
due to GM percentage are approximately equal to the total
GMA change. The contribution of monsoon precipitation an-
nual range is second, and the contribution due to both GMR
and the GM percentage is quite low.

Under a scenario of global warming, climate change is
not spatially homogeneous. For example, due to the dis-
crepant properties of Earth’s surface (the low heat content of
land and oceanic evaporation), surface temperature change
in reponse to global warming is not uniform (Sutton et al.,
2007). Global warming alters ocean dynamics, which may
exert influence on atmospheric circulation and precipitation
(Xie et al., 2010). In addition, heat storage by land is rela-
tively low. In this light, during global warming, discrepancies
may exist in the responses of the ocean and land monsoons.

For ocean monsoons, relative to present climate, sce-
narios 1.50S and 2.0NE display significant areal changes,
whereas scenario 1.5NE shows no significant change (Figs.
2a—c). It is qualitatively the same as the responses of the
GMA. Among the three “future” scenarios, the monsoon ar-
eas display no significant changes (Figs. 2d—f). The above
changes in the ocean monsoon area are mainly led by mon-
soon percentage change (see terms E2 and S2 in Fig. 2). More
precisely, expansion or shrinkage of the oceanic monsoon ar-
eas are mainly controlled by monsoon percentage change,
which causes more or less area to meet the criteria of mon-
soon.

For land monsoons, the features show some discrepan-
cies. Relative to present climate, the monsoon areas in all
the three “future” scenarios display significant changes, but
the changes are less than those associated with ocean mon-
soons (Figs. 2a—c). This indicates that the land monsoon areas
among the ensembles in each experiment vary little and that
the ocean monsoon areas among the ensembles of each ex-
periment display greater variances. Among the three “future”
scenarios, the discrepancies are insignificant (Figs. 2d—f). For
the land monsoon area change, the change in monsoon pre-
cipitation and monsoon precipitation percentage both affect
the area, with the first factor slightly greater than the latter.

By comparing the land and ocean monsoons, it is found
that the area change in ocean monsoons mainly accounts for
the GMA change. For example, compare 2.0NE with LE.
The area change in ocean monsoons contributes to 71% of
the GMA change. That is, the expansion or shrinkage of the
GMA mainly occurs over oceans.

Therefore, relative to the present day, the GMA change
displays little change in the 1.5NE scenario and significant
increases in the 1.50S and 2.0NE scenarios. There is a sig-
nificant increase in 2.0NE relative to 1.5NE. The above in-
creases are mainly led by the GM percentage change. Fur-
thermore, the GM percentage changes over ocean monsoon
domains mainly account for the above GMA changes.
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4.2. GMP

Using a method similar to “method 2” in section 4.1, we
obtain the GMP and its confidence intervals. The results are
shown in Fig. 3a. In 1.5NE, 1.50S and 2.0NE, all GMP val-
ues significantly increase relative to the present day. The in-
creases in GMP in the three scenarios are 0.18 mm d~!, 0.19
mm d~! and 0.24 mm d~!, respectively, or relative increases
of 2.9%, 3.1% and 3.9%. Little change is observed between
1.5NE and 1.508S, indicating that different trajectories reach-
ing the goal of a 1.5°C GMT increase in 2100 make no dif-
ference in terms of GMP. Relative to the 1.5°C temperature
goal, the GMP under the 2.0°C temperature goal increases
significantly (approximately 0.06 mm d ™).

The scales of the patterns of GMP change generally meet
the scales of the GMP. The patterns of GMP change in the
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Fig. 3. The (a) GMP, (b) ocean monsoon precipitation and (c)
land monsoon precipitation (units: mm d~!) of the scenarios.
Bars indicate the EMs and error bars display the 95% confi-
dence intervals. The area averages of monsoon precipitation
over the GMAs are first calculated in each ensemble, and then
the confidence intervals are obtained in each experiment.
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three “future” scenarios relative to the present day are similar
(Fig. 4). It is interesting that the enhanced precipitation over
the Asian monsoon domain is more prominent than that over
other monsoon areas.

As GMAs change in the future, do such changes affect
the GMP? To study the influences, we first compute the EM
of the precipitation for each experiment; then, we obtain the
GMP in each experiment, and the difference between the fu-
ture and the present day is called “precipitation with GMA
change”. Then, we compute the average of the monsoon pre-
cipitation change over the areas that belong to the GMAs
in both future and present-day climate. We call these results
“precipitation without GMA change”. Finally, the effect of
GMA change on GMP is obtained by comparing the precip-
itation “with” and “without” GMA change. The GMA effect
on GMP change is the strongest in 1.50S compared to LE.
The GMA change contributes to 0.02 mm d~!, which is ap-
proximately 10% of the precipitation change and is 0.3% of
the GMP in present-day climate. The effects of GMA change
on GMP are negligible. The change in ocean monsoon area
accounts for approximately one-third of ocean monsoon pre-
cipitation; the effect on the change in land monsoon area is
negligible (figures not shown). This is consistent with the fact

(a) 1.5NE-LE
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that the area change in ocean monsoons is greater than that of
land monsoons.

To understand the dynamic structure of the GMP change,
a diagnostic analysis of the moisture budget is performed.
Following Chou et al. (2009), the precipitation in anomaly
form is

P = —~(@8,q"y (W' 8,3)—(V -V )~ (V- VP +E, (2)

where the overbars and primes denote reference states and
changes relative to reference states, respectively; P, w, g, V
and E respectively represent the precipitation, pressure ve-
locity, specific humidity, horizontal wind vector and evapo-
ration; and ( ) denotes a mass integration from the surface to
100 hPa.

As the GMA changes affect GMP very little, we analyze
the moisture budget over the GMA belonging to both the two
comparable experiments. For example, if we diagnose the
moisture budget equation of the 1.5NE scenario relative to
LE, we focus on the shared GMA in 1.5NE and LE. Here, the
analysis is based on “method 17, and the results are displayed
in Fig. 5. In all of the comparisons, the qualitative conclusion
is the same: the GMP change is mainly affected by the change
in the vertical gradient of specific humidity and the change
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Fig. 4. The differences (units: mm d~!) in GMP between (a) 1.5NE and LE, (b) 1.50S and LE, (c) 2.0NE and LE, (d)
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level of the results reaches 90%.
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Fig. 5. Area-averaged terms of the moisture budget equation associated with GMP in (a) 1.5NE relative to LE, (b)
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are calculated using “method 1”. The gray, mesh and dotted bars respectively denote the results of global, ocean and

land monsoon.

in evaporation. The change in the vertical gradient of specific
humidity is mainly due to the enhancement of specific humid-
ity led by surface warming. For evaporation change, the lack
of surface specific humidity in the output makes the evalua-
tion of reasons for evaporation change difficult. Inferred from
the results in Hsu et al. (2013), the evaporation change over
the GMA may be mainly caused by the change in the hu-
midity difference between the surface and air. The change
in the vertical velocity makes an opposite-sign contribution.
Over the GM domains, the vertical motion is dominated by
ascendance. Under a warming scenario, the atmospheric cir-
culation tends to slow (Held and Soden, 2006), which means
that the ascending motion over the GM domains weakens. It
partly cancels out the increase in precipitation. At the same
time, horizontal moisture advection contributes little to the
GMP change. Our GMP responses share the same mecha-
nism as those under global warming revealed by Kitoh et al.
(2013), Hsu et al. (2013), Endo and Kitoh (2014), and Endo
et al. (2018).

Over the Asian monsoon area, our results are similar to
those in Lee et al. (2018). They examined the Asian mon-
soon response between 1.5°C and 2°C target experiments us-
ing five atmospheric global climate models forced by desig-
nated sea surface temperature, sea ice, aerosols and GHGs. It
implies that the air—sea interaction may contribute quite little
to the monsoon rainfall increases.

Relative to present-day climate, the behaviors of ocean
monsoon precipitation changes are similar to those of GMP
change. The three “future” scenarios all display significant
increases (significance level exceeding 99%) in ocean mon-
soon precipitation (Fig. 3b). The increases in the three “fu-
ture” scenarios are similar and have insignificant differences.
A moisture budget diagnosis is performed on ocean and land
monsoons. The results are similar to those for the GMP
change. The change in ocean monsoon precipitation is mainly
controlled by the enhancement of humidity and evaporation
under a warming climate (Fig. 5). Changes in ascending mo-
tion have opposite-sign contributions.



MARCH 2019

The behaviors of land monsoon changes in the future rel-
ative to present-day climate are similar to those of ocean
monsoons (Fig. 3c). However, the change in land monsoon
precipitation in 2.0NE is significantly different than that in
1.5NE and 1.50S. Similar to ocean monsoon precipitation,
land monsoon precipitation change is mainly controlled by
the enhancement of humidity and evaporation, which is in-
duced by global warming; the vertical motion change partly
offsets the increase in precipitation (Fig. 5). Compared to
the magnitudes of ocean monsoon precipitation changes, the
land monsoon differs in the following ways: (1) the land-
averaged increases in monsoon precipitation are greater than
ocean-averaged increases; (2) regardless of the sign, the con-
tribution of vertical motion change on land monsoon precipi-
tation change is less than that on ocean monsoon precipitation
change. It is easy to understand that, over land monsoon ar-
eas, the greater increase in mean precipitation is mainly due
to less of a weakening in the ascending motion.

Figure 6 displays the differences of w at 500 hPa between
the given two experiments. In the three “future” scenarios,
all monsoon areas display a dominant descending response,
except the Asian monsoon area (Figs. 6a—c). From the south-
eastern Tibetan Plateau to South China, enhanced ascending
motion is observed. This makes the increase in local mon-
soon precipitation stronger than in other monsoon areas. The
enhanced ascending motion may be the consequence of en-
hanced moisture convergence caused by the strengthening of
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the North Pacific anticyclonic circulation under a warming
climate (Seo and Ok, 2013; Wang et al., 2013). No large-scale
enhancement of ascending motion is observed over ocean
monsoon areas. Thus, this large-scale ascending motion en-
hancement results in the land—ocean difference in the increase
in monsoon precipitation.

Therefore, relative to present-day climate, the GM, ocean
and land monsoon precipitation significantly increase under
the two 1.5°C scenarios and an additional significant increase
is found in the results of the GMP and land monsoon precip-
itation under the 2.0NE scenario. The monsoon area changes
affect the increase in GMP and land monsoon precipitation
very little. The increases in GM, ocean and land monsoon
precipitation are mainly due to the enhancement of humidity
and evaporation, whereas weakened ascending motion partly
cancels out the increase in the monsoon precipitation. How-
ever, the overall ascending motion weakens less in land mon-
soon areas than than in ocean monsoon areas, leading the
overall incease in land monsoon precipitation to be greater
than that in ocean monsoon precipitation.

4.3. Monsoon rainfall percentage

Similar to the calculation of GMP differences, we com-
pute the differences in GM percentage. The corresponding
results are displayed in Fig. 7. The GM percentage differ-
ences are no greater than 0.32%, which is low relative to the
averaged GM percentage (71.4%) in a present-day climate.
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Fig. 6. As in Fig. 4. but for the differences of w at 500 hPa. Units: Pas~!.
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Percentage change (%)

1.5NE-LE 1.50S-LE 2.0NE-LE 1.50S8-1.5NE 2.0NE-1.5NE 2.0NE-1.50S
Fig. 7. Differences of GM (gray bars), ocean monsoon (mesh
bars) and land monsoon (dotted bars) percentage (units: %)
between the given two scenarios. On the x-axis, for example,
1.5NE-LE means the corresponding percentage in the 1.5NE
scenario minus that in the LE experiment. The calculation is
based on “method 2”. The error bars displays the 95% confi-
dence intervals.

This means that the ratios of the monsoon precipitation (also
the local summer precipitation) to annual precipitation barely
change in the “future”.

On a regional scale, the scale of GM percentage change is
approximately 1%. Consider the difference between 2.0NE
and 1.5NE, for example. The percentage difference varies
from —10.7% to 9.1% (figures not shown). The negligible
changes in GM percentage in future scenarios implies that
no consistent percentage change over the GMA occurs.

In addition, it can be implied from the negligible changes
in GM percentage that the increase in the area-average local
winter precipitation over the GMA is the same percentage
as local summer precipitation (monsoon precipitation). For
the global average, since the local winter precipitation is less
than local summer precipitation, an increase in both of the
same percentage leads to an increase in the GMR.

Similar results are found for ocean and land monsoons.
For both types of monsoon, the monsoon precipitation per-
centage barely changes in all scenarios (Fig. 7). It can be in-
ferred that, for both land and ocean monsoons, local winter
precipitation and monsoon annual range both increase.

4.4. Monsoon onset and withdrawal

Similar to the work of Lee and Wang (2014), the onset
month of the summer monsoon is defined as the first month
of local summer, which is May in the Northern Hemisphere
and November in the Southern Hemisphere. The withdrawal
month is defined as the last month of local summer, which
is September in the Northern Hemisphere and March in the
Southern Hemisphere. The global mean precipitation change
over the GMA during the onset and withdrawal months is
tightly associated with the onset and withdrawal of the GM,
respectively. For example, if the precipitation increases in
both the onset and withdrawal months, it indicates an earlier
onset and postponed withdrawal.

Under the scenarios proposed in the Paris Agreement, the
GM onset remains generally unchanged. In both the 1.5NE
and 1.50S scenarios, the precipitation in the monsoon onset
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month increases insignificantly (Fig. 8). In the 2.0NE sce-
nario, the precipitation change in the monsoon onset month is
significant, with an increase of 0.05 mm d~!, which is quite
low relative to the corresponding GMP change. The GMA
change largely affects the monsoon precipitaiton in the on-
set month. If the rainfall changes over the shared area of the
GMAs in the 2.0NE and LE experiments are compared, the
increase is 0.02 mm d~'. The small increase in rainfall over
the shared area of the GMAs is mainly caused by the offset of
three terms: —(@d,q"), —{(w'0,@) and E’ (figures not shown).

The postponed GM withdrawal will occur under the sce-
narios proposed in the Paris Agreement. Figure 8a displays
the precipitation differences in the monsoon withdrawal
month between the two experiments. Relative to LE, all
future scenarios display a significant precipitation increase
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Fig. 8. Area-averaged precipitation change in monsoon onset
(mesh bars) and withdrawal (dotted bars) months over the
GMAs. Units: mm d~!. Panels (a—c) are the results of the
GM, ocean monsoon and land monsoon, respectively. On the
x-axis, for example, 1.5NE-LE means GMP in the 1.5NE sce-
nario minus GMP in the LE experiments. The error bars are the
95% confidence intervals of the corresponding differences. The
calculation is based on “method 2”.
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(exceeding the 99% significance level) in the monsoon with-
drawal month. The increase is close to the magnitude of
GMP change. This means that the monsoon withdrawal will
be delayed. For precipitation change in the monsoon with-
drawal month, the GMA change contributes little (figures not
shown). Similar to the method presented in section 4.2, the
moisture budget is determined, and the results are displayed
in Fig. 9. The results reflect that the precipitation increase
is also mainly affected by the enhancement of humidity and
evaporation and that the global warming—induced weakening
in ascending motion makes an opposite-sign contribution.

Additionally, a weak postponement of monsoon with-
drawal may occur under the 2.0NE scenario compared to the
1.5NE scenario. The precipitation difference in the monsoon
withdrawal month is 0.05 mm d~!, reaching the 95% signif-
icance level (Fig. 8a). The GMA change affects the precipi-
tation difference very little (figures not shown). The moisture
budget analysis indicates that the precipitation difference is
mainly affected by an enhancement of humidity and that the
weakening ascending motion also provides an opposite-sign
contribution (Fig. 9e).

The onset of both land and ocean monsoons is unlikely to
advance. In the monsoon onset month, the change in precipi-

(a) 1.5NE-LE
0.40 {
0.20
0.00 -
] ‘ @ Global monsoon
-0.20 | lsezza Ocean monsoon
] l Land moosoon
I I I I I I
P’ <V-Vg'> <V'-Vg> <0 9d,q’> <-0'dq> E’
(c) 2.0NE-LE
0.40 - ‘
0.20 1K
1R
A %
1K
000 ] = "
] o
] | (=== Global monsoon o
-0.20 - | leso Ocean monsoon o
1 l Land moosoon kS
I I I I I I
P’ <V-Vg'> <V Vo> <09d,q> <o’ d,a> E’
(e) 2.0NE-1.5NE
0.40 {
1 \
0.20 ‘
1 |
1 =2l B -
0.00 ML, = - @gﬂ
] } E= Global monsoon
-0.20 gxxzs Ocean monsoon
] l Land moosoon

! ! ! ! ! !
P’ <V-Vg'> <-V''Vg> <09,q’> <-o'd,q> E’

QU AND HUANG

289

tation is quite small (Figs. 8b and c). The maximum precipi-
tation change is the land monsoon change in 2.0NE compared
to LE at approximately 0.1 mm d~!. It is less than half of the
corresponding change during the withdrawal month.

Relative to present-day climate, in monsoon withdrawal
months, the three “future” scenarios all display significant
increases (significance level exceeding 99%) for both ocean
and land monsoon (Figs. 8b and c). The increases in mag-
nitude are not consistent between land and ocean monsoons.
In 1.5NE and 1.50S relative to LE, the averaged increase in
ocean precipitation is geater than that of land precipitation
over the GMAs in monsoon withdrawal months; the results
are the reverse in 2.0NE relative to LE. Among the three “fu-
ture” scenarios, the discrepancies are quite small. The results
of the moisture budget analysis are similar to those of the
GMP results in withdrawal months. The enhancements of
humidity and evaporation contribute to the increases in pre-
cipitation in withdrawal months, whereas the weakening of
vertical motion over the monsoon areas partly cancels out the
increases in precipitation (Figs. 9a—c).

Over land monsoon areas, two competing mechanisms af-
fect the precipitation responses to global warming (Seth et
al., 2013). One is the local mechanism; that is, the surface
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Fig. 9. As in Fig. 5. but for the moisture analysis in monsoon withdrawal months.



290

warming over land leads to more moisture near the surface,
increases low-level moist static energy and dereases the sta-
bility. The other is the remote mechanism; that is, in the trop-
ics, the ocean warming may lead to a warmed troposphere
over land and increases the stability over land. During the
monsoon onset months, the two mechanisms compete, lead-
ing to the small change in land monsoon precipitation; during
the monsoon withdrawal months, the local mechanism domi-
nates, leading to the larger increases in land monsoon precip-
itation.

Therefore, the length of the GM, ocean monsoon and land
monsoon in each year is possibly prolonged due to their post-
poned withdrawal.

5. Summary and discussion

Based on CESM1(CAMS) experiments and GPCP and
CMAP data, using spatial correlation and reproducibility
evaluation, the GM features in CESM1(CAMS) are evalu-
ated. The features include the patterns of monsoon precipi-
tation and monsoon domains, as well as the magnitudes of
GMP, GMA, GM percentage and GMR. Based on the eval-
uation, it is viable to use CESM1(CAMS) to discuss all the
above features except GMR.

GMA changes insignificantly in the 1.5NE scenario, and
shows a significant increase in the 1.50S and 2.0NE scenar-
ios. Also, there is a significant increase in 2.0NE relative to
1.5NE. The GM percentage change mainly leads to the above
GMA increases. The GMA changes in future scenarios are
mainly controlled by changes in the ocean monsoon domain,
which also results from the GM percentage change. The ef-
fect of a change in land monsoon area is weaker, and the
change in area of land monsoons is controlled by changes in
both monsoon precipitation and monsoon precipitation per-
centage, with the first factor generally greater than the latter.

GMP significantly increases under the two 1.5°C scenar-
ios (1.5NE and 1.50S) relative to present-day climate, and a
significant additional increase is found under the 2.0NE sce-
nario. The GMA changes affect GMP increases very little.
The GMP increases are mainly due to the enhancement of
humidity and evaporation, whereas weakened ascending mo-
tion partly cancels out the increase in GMP. For ocean mon-
soons, the area change accounts for approximately one-third
of ocean monsoon precipitation; for land monsoons, the ef-
fects of area change are negligible. For both ocean and land
monsoons, the results of the moisture budget analysis are
qualitatively the same as those for GMP. Additional findings
include: (1) the land-averaged increases in monsoon precip-
itation are greater than the ocean-averaged increase; and (2)
the magnitude of the effect of vertical motion change on land
monsoon precipitation change is less than that of the ocean
monsoon precipitation change. Large-scale ascending mo-
tion enhancement is observed over the southeastern Tibetan
Plateau to South China, leading to generally less of a weak-
ening of mean ascending motion over land than over oceans.
Consequently, the increase in land monsoon precipitation is
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greater than ocean monsoon precipitation.

In the future climates, the GM percentage changes lit-
tle, from which we can infer that local winter precipitation
and the annual range of monsoon precipitation may increase.
Without exception, the land and ocean monsoons display the
same results.

In the future scenarios, precipitation does not signifi-
cantly change in the monsoon onset month, but significantly
increases in the monsoon withdrawal month. The increases
in the monsoon withdrawal month are mainly controlled by
the enhancement of humidity and evaporation. Inferred from
the precipitation results, the GM length in each year may be
significantly prolonged. The land and ocean monsoons also
display the same results.

Since the western North Pacific monsoon region is not
reasonably simulated, we also used the GMA and observa-
tional results to investigate the GM changes. We repeated
our investigation of the monsoon features over the GMA in
both the GPCP and CMAP data. The conclusions were the
same as those listed above (figures not shown).

The results here are gained based on ensembles of a sin-
gle model output, in which the influence of the model’s sys-
tematic bias may be larger than that of the multi-model ap-
proach. If more coupled global climate models conduct the
1.5NE, 1.50S and 2.0NE experiments, multi-model ensem-
bles of the models’ outputs should yield results that are more
trustworthy.
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