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Future changes in monsoon duration and precipitation

using CMIP6
Suyeon Moon 1,2 and Kyung-Ja Ha 1,2,3✉

Future change in summertime rainfall under a warmer climate will impact the lives of more than two-thirds of the world’s

population. However, the future changes in the duration of the rainy season affected by regional characteristics are not yet entirely

understood. We try to understand changes in the length of the rainy season as well as the amounts of the future summertime

precipitation, and the related processes over regional monsoon domains using phase six of the Coupled Model Intercomparison

Project archive. Projections reveal extensions of the rainy season over the most of monsoon domains, except over the American

monsoon. Enhancing the precipitation in the future climate has various increasing rates depending on the subregional monsoon,

and it is mainly affected by changes in thermodynamic factors. This study promotes awareness for the risk of unforeseen future

situations by showing regional changes in precipitation according to future scenarios.
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INTRODUCTION

Monsoon systems are characterized by wind reversals and
changes in moisture supply owing to the strong seasonal contrast
between land and ocean temperatures1–3. More than two-thirds of
the world’s population is concentrated in the global monsoon
(GM) region. Consequently, changes in global land monsoon
precipitation will affect a large number of people who rely on
monsoonal rainfall to sustain agriculture, industrial water
demands, and social activities4. Understanding how the char-
acteristics of monsoon precipitation will change in the future is a
crucial challenge, not only for climate science but also for the life
of people globally.
The fourth and fifth assessment reports of the Intergovern-

mental Panel on Climate Change (IPCC) repeatedly stated, that the
understanding of future climate change remains considerably
affected by uncertainties in terms of precipitation estimates5,6. The
Clausius–Clapeyron (C–C) relationship implies that an increase in
global temperature will enhance precipitation7. An increase in
water holding capacity of the atmosphere with temperature occurs
at a rate given by approximately 7% per 1 °C warming (%°C−1).
Future climate projections suggest an increase in GM precipitation
due to an increasing amount of water vapor in the atmosphere
under global warming7–9. Furthermore, previous studies have
shown that the GM domain will be expanded as well as the rainfall
intensity also increases in a warming climate10–12.
To fully understand the future changes in the GM, a study from

a regional perspective is required. The multimodel projections of
precipitation mostly show a rich-gets-richer pattern in terms of
monsoon intensity, albeit with regional differences3,7,12. Individual
monsoon regions have different temperature-precipitation rela-
tionships. Individual atmosphere–ocean–land interactions,
land–ocean configurations, orography, and diverse monsoon
variations across individual regions bring regional characteristics
of GM estimations13–15. We need to see how much precipitation
increase by monsoon regions to prepare for appreciating policies
for climate change. Also, the onset date, together with the retreat
date, changes every year, has vital importance for millions of

farmers around the world. A recent study showed that East Asian
and Indian monsoons will be the most affected in this respect in
the future using CMIP6 simulations3. The Asian monsoon domain
has been widely investigated in the literature, whereas more
global studies are still required.
The future projections of regional monsoons remain largely

uncertain and need more careful investigations, as monsoon has a
strong sensitivity to global warming. We assess to what extent the
summertime precipitation will increase for a given temperature
rise owing to global warming, and identify the main process
contributing to the changes in precipitation using three future
projections in the 14 CGCMs that participated in phase six of the
Coupled Model Intercomparison Project (CMIP6) archive (Supple-
mentary Table 1). More specifically, we compare four runs: the
historical run from 1995 to 2014; the Shared Socioeconomic
Pathway (SSP) 1–2.6 scenario (hereafter mentioned as SSP1–2.6);
SSP2–4.5; and SSP5–8.5 runs in the near term (2021–2040), mid
term (2041–2060), and long term (2081–2100)16. Our ultimate goal
is to quantify changes in precipitation over individual monsoon
domains so as to assess the future precipitation-related risk in
each region.

RESULTS

Changes in summer precipitation under a warmer climate

The relationship between the water-holding capacity of the
atmosphere and the temperature provides useful information for
climate predictions, albeit with large uncertainties17. The GM
precipitation is a key variable of the global hydrological cycle. The
variability in GM rainfall is highly correlated (>0.9) with the
variability in global average precipitation, so it may serve as a
proxy of fluctuation in global mean precipitation. We describe the
future changes in summertime precipitation and annual air
temperature over the monsoon domain globally (Fig. 1). In terms
of emission scenarios and future terms, the changing rate of
precipitation is distinct. Overall, the rates of precipitation increase
are linear with varying slopes depending on temperature increase.
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The GM precipitation will increase under a warm climate; however,
the predicted rate is smaller than that expected from the C–C
relationship18. The higher emission scenario is expected a larger
increase both temperature and precipitation in the long term:
approximately 2.7 °C for temperature and 3.1% for precipitation
between the SSP1–2.6 and SSP5–8.5. As regards the difference in
the rate of increase in precipitation by period, the SSP1–2.6
scenario exhibits the largest increasing rate between in the mid
and in the near term. It seems that the characteristics of low
emission SSP scenarios. The SSP1–2.6 scenario already reaches
2.6 Wm−2 in the near term and declines or persists within the 21st
century16.
Note that changes in summertime precipitation show very large

differences between the Northern Hemisphere monsoon (NHM)
and the Southern Hemisphere monsoon (SHM). Precipitation over
the NHM is predicted to increase as temperature increases in all
future scenarios and periods. While the NHM precipitation is
expected to increase by 6.7% (Fig. 1b), the SHM precipitation is
expected to increase only by 2.8% (Fig. 1c) under a 3.8 °C global
warming in the long term according to the SSP5–8.5 scenario
(Supplementary Table 2). Moreover, the uncertainty associated
with these changes in precipitation is smaller for the NHM than for
the SHM.
When we consider the relative change in precipitation over the

temperature change for the NHM, we observe a steeper trend for
the SSP1–2.6 (4% °C−1) than for the SSP2–4.5 (2.1% °C−1) and
SSP5–8.5 (1.8% °C−1) scenario, even though the total relative
change in SSP1–2.6 is the lowest among the scenarios. Over the
SHM, there is no significant relationship between precipitation
and temperature in SSP1–2.6. However, the increasing rates of
summertime precipitation with the global temperature rise are
similar under the SSP2–4.5 and SSP5–8.5 with 0.8% °C−1. The
CMIP5 predicts that the NHM precipitation will increase by
3.1% °C−1, while the SHM precipitation will insignificantly decrease
under the representative concentration pathway 4.5 (RCP 4.5)
scenario12. Although the increasing rates of summertime pre-
cipitation are slightly different, the overall patterns match well,
showing that the NHM precipitation will intensify more than that
of the SHM.
Changes in projected precipitation are largely uncertain over

the SHM. Moreover, the response of individual regional monsoons
to climate change is expected to diversify because of various
forcings14,19. To overcome these limitations of future projection
such as localization and various response to the rising tempera-
ture, we conduct a regional analysis of precipitation changes over

nine monsoon regions (Fig. 2). We focus on the median value of
precipitation to obtain more reliable future change estimations.
Although the sensitivity of precipitation with the global tempera-
ture rise is generally low compared with other monsoon domains
over the African monsoon regions, the projected changes show
distinct patterns over both the North African monsoon (NAF) and
South African monsoon (SAF) regions. The precipitation over
the NAF is mostly expected to increase, with more than 75% of the
models agreeing on such increase. On the other hand, the
precipitation over the SAF is expected to decrease (−0.6% °C−1) in
the near term, but slightly increase (+0.6% °C−1) in the long term
as the average values of three scenarios.
Most of the monsoon regions, and especially the Indian

monsoon (IND) region, will see an increase in the summertime
precipitation in the future. A previous study showed that the
South Asian monsoon will carry 5% more rainfall under the RCP
4.5 warming scenario20. Here, we divided the South Asian
monsoon into IND and Indo-China Peninsula monsoon (ICP) to
identify their respective regional characteristics, because the
starting date and occurrence mechanism of these two monsoons
are different from each other3,11,21. The percentage change in
precipitation per one-degree Celsius warming in the long
term SSP5-8.5 scenario is higher over IND (+6 %) than over ICP
(+3.6 %). Likewise, future monsoon projections from the CMIP6
models show an increase in precipitation in the East Asian
monsoon (EA) region under all scenarios and periods with high
confidence. The largest increase is observed under the SSP1-
2.6 scenario owing to the slight global temperature increase
(+0.7 °C); however, the spread across the models is small
under the SSP5–8.5 scenario in the long term. In the CMIP5
RCP4.5 scenario outputs, the EA summer precipitation is predicted
to increase by 6.4% °C−1 in the late future20. This rate is higher
than that yielded by the CMIP6 projections (5.6% °C−1), indicating
that the precipitation over the EA in the CMIP6 simulations is less
sensitive to temperature compared to the CMIP5 simulations.
The western-North Pacific monsoon (WNP), which is an oceanic

monsoon, shows an increasing rate of summer rainfall across most
model performances. The median rainfall increase over the WNP is
relatively steady at around 2.1% °C−1. Regardless of the scenarios,
the Australian monsoon (AU) precipitation will slightly increase by
about 2% °C−1 in the long term with high confidence. Note that
the long term precipitation over the North American monsoon
(NAM) shows a decreasing trend (−0.2 % °C−1) under the SSP5–8.5
scenario. The differences across the scenarios for the sensitivity of
future precipitation to increased temperatures over the NAM are

Fig. 1 Future changes in precipitation and global temperature over the global monsoon domain. a–c Median of multiple-model percentile
changes in summertime precipitation (%) and global mean temperature (°C) over: a the global monsoon (GM), b the Northern Hemisphere
monsoon (NHM), and c the Southern Hemisphere monsoon (SHM) domains. Changes are relative to the present period (1995–2014). Circles,
triangles, and squares indicate three different future scenarios (SSP126, SSP245, and SSP585, respectively). The colors refer to the individual
future periods: near term (black; 2021–2040), mid term (blue; 2041–2060), and long term (red; 2081–2100). Error bars show the range between
the 25th and 75th percentiles.
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discussed later. The low percentage change (<±1% °C−1) is exhibited
over the South American monsoon (SAM).
The moisture supply is a key factor for increasing precipitation in

the future. The high emission scenario could lead to the relatively
low increasing rate of future precipitation due to the limitation of
sufficient atmospheric moisture supply (Fig. 2). In summary, most of
the regional summertime precipitations are projected to increase,
except for the SAF and SAM region in the near term and the NAM in
the long term under the SSP5–8.5 scenario. Furthermore, precipita-
tion is expected to increase at a higher rate in the Asian monsoon
regions compared to other regions.

Projected changes in the duration of the rainy season

In response to an increase in global air temperature, the expected
increase in summertime rainfall at a regional scale has the potential
to change the rainy season3,11. According to various factors
potentially controlling the monsoon seasons, such as the
land–ocean configuration, orography, and others, the changes in
the length of the rainy season are expected to vary from region to
region. The simulated future changes in the rainy season are shown
in Fig. 3. The rainy season in the Asian monsoon region is projected
to gradually and certainly lengthened in duration. The duration of
the summer monsoon over IND and ICP might increase by more
than three pentads in the future mainly owing to a delayed retreat.
In contrast, the earlier onset over EA is the key factor of the
predicted lengthening of the rainy season by 1.6 pentads under the
SSP5–8.5 scenario, although the retreat of EA monsoon will slightly
delay under SSP1–2.6 and SSP2–4.5 sceanrios3. These results are
consistent with those of many studies that illustrated various
behaviors in the subregional Asian monsoon domain using CMIP3,
CMIP5, and CMIP6 models3,11,12,20,22–24.
Shifted and longer rainy seasons are projected over SAF. A

longer monsoon period over AU (+1.3 pentads) is expected

during future periods under the SSP5-8.5 scenario, albeit for
different reasons, namely a delayed retreat in the mid term, and
an earlier onset in the long term. With regards to the future
periods (e.g., NAF) and scenarios (e.g., WNP), the future rainy
season is captured with an inconsistent response. Over WNP, the
agreement across the simulations is poor as the models illustrate
different responses in terms of changes in duration. In contrast to
most of the monsoon domains, a shorter rainy season is projected
over NAM (up to –3 pentads) and SAM (up to –1.2 pentads) due to
the advanced retreat and delayed onset in the long term,
respectively.
Interestingly, the duration of the rainy season has a highly

positive correlation with the relative increase in the amount of
precipitation per one-degree temperature increase (Fig. 4). The
regions in which the relative precipitation increase is expected to
be the largest in the future will also be characterized by longer
monsoon seasons. This suggests that a longer rainy season might
contribute to the increased amount of rainfall or vice versa. This
should be accounted for in risk assessments as it implies that
longer rainy seasons might affect people’s lives in additional ways
than those evaluated thus far. In the following section, we
evaluate how thermodynamic and dynamic factors produce
changes in precipitation, which are, in turn, indicative of changes
in the hydrological cycle.

Contribution of the thermodynamic and dynamic terms

To elucidate how thermodynamic and dynamic factors influence
the future changes in precipitation, we investigate the moisture
budget equation during the summertime (Fig. 5). Most of the
increase in precipitation can be explained by analyzing the
structures related to the atmospheric moisture budget25–27. A
robust feature simulated by the CMIP6 models is that the
thermodynamic effect, which mainly originates from the increased

Fig. 2 Percentage changes in precipitation per one-degree Celsius of global warming in CMIP6 future scenarios. The boxplots represent
the percentage changes in summertime precipitation per one-degree Celsius (% °C−1) according to the CMIP6 models for three future
scenarios relative to near-term, mid-term, and long-term periods over the Northern African (NAF), Southern African (SAF), Indian (IND), Indo-
China Peninsula (ICP), East Asian (EA), western-North Pacific (WNP), Australian (AU), Northern American (NAM), and Southern American (SAM)
monsoon domains. Gray symbols indicate the individual CMIP6 models whereas the boxes indicate the spread (from the 25th to the 75th
percentile, with the center lines representing the median) of the CMIP6 models.
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amount of water vapor, plays an important role in enhancing both
the moisture convergence and evaporation, while the dynamic
effect has a minor role27–29. The contribution of the thermo-
dynamic and dynamic terms is similar across all future periods,
with the largest changes projected in the long term (Fig. 5c).
The precipitation-minus-evaporation (P−E) term exhibits the

largest changes over the Asian monsoon domain, particularly in
ICP and IND. The dynamic (DY) and thermodynamic (TH) effects
have opposite signs for future P−E over the tropical region, in
general9,30. The positive P−E over most of the monsoon domains
is primarily due to the positive TH effect associated with the
warming climate. The previous study has shown that the TH
changes of mean moisture convergence are dominated by the
greenhouse gases forcing, whereas the DY changes are mainly
contributed by aerosol forcing under the RCP 8.5 scenario in

CMIP527. Interestingly, both TH and DY terms have a positive sign
in IND26. In this region, the TH mainly leads to increased
precipitation, with the DY also contributing to it. On the other
hand, over the EA region, the DY term contributes to the summer
precipitation, while TH plays against it. Although the previous
studies have investigated that the TH plays a positive role in
increasing precipitation over most of the monsoon domain under
the CMIP5 simulations (Supplementary Fig. 1)9,15, CMIP6 projec-
tion shows the negative effect of TH on the rainfall over the EA
domain. The negative TH effect over the EA domain is caused by
the horizontal advection due to changes in specific humidity
under the CMIP6 projection (Supplementary Fig. 2).
In the case of NAF, the result that future precipitation to global

warming is largely explained by the enhancement of the TH effect
is consistent with the prior study31. Note that the P−E term over

Fig. 3 Changes in length of the rainy season over global monsoon regions. Future changes (unit: pentad) in onset (filled gray circle), retreat
(black circle), and duration (box plot) for nine global monsoon domains. The boxes indicate the spread (from the 25th to the 75th percentile;
center lines indicate the median) of the CMIP6 models.

Fig. 4 Relationship between the changes in rainy season and changes in precipitation due to the increase in temperature. Individual dots
indicate the regional monsoon domains in the long term (2081–2100) based on a SSP1–2.6, b SSP2–4.5, and c SSP5–8.5 scenarios. The lines
depict the linear regression between the changes in duration and changes in precipitation according to the increasing temperature.
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SAF and SAM implies a decrease in future precipitation, because
the increase of evaporation is larger than that of precipitation
(Figs. 2 and 5). Thus, it is evident that evaporation is also a key
factor modulating the hydrological cycle: an increase in evapora-
tion may result in a substantial increase in drought3. The P−E term
is modulated by spatial gradients of fractional changes in relative

humidity30. If we only consider the land precipitation, the aridity,
which reflects how the global land evaporative demand outpaces
the precipitation increase under global warming, can be amplified
by the feedbacks of drier soil32. As lots of forests are concentrated
in SAF and SAM, further studies on the physiological effect of
carbon dioxide concentrations on plant transpiration are also
warranted33.
Robust differences in P−E changes across the scenarios are

shown over the NAM. An increased P−E is expected under
SSP1–2.6 and SSP2–4.5 scenario, while the SSP5–8.5 scenario
provides an opposite trend. Here, the DY term plays an important
role in modulating the P–E. The large magnitude of the DY term
under the SSP5–8.5 scenario turns the P–E term from positive to
negative. Similarly, the CMIP5 projects that the rainfall over

NAM will decrease in the long term under the RCP8.5 scenario,
albeit with less confidence9. In general, not only for the
CMIP5 simulations but also for high-resolution atmospheric global
climate model simulations show the TH is the primary factor of
increasing monsoonal precipitation31,34. This study sheds light on
the understanding of the future precipitation changes in the

regional aspects by dividing the global monsoon into nine
regional monsoon regions.

Effect of changes in convective precipitation

In addition to the expected changes in the amount of precipita-
tion, we investigate how the type of precipitation is forecasted to
change. The precipitation can be classified into convective
precipitation (Pconv) and stratiform precipitation (Pstrat). Changes
in the trends of these two types may differ as the mechanisms
that generate them are different. With respect to the daily Pconv
over the global monsoon domain, increasing values are expected
for the Asian monsoon in the future (Supplementary Fig. 3). The
Pconv over the EA exhibits notable changes (up to 30%) in the long
term under the SSP5–8.5 scenario. The Pconv is generally sensitive
to the temperature increase35, particularly in the short time scales,
and induces more extreme precipitation over EA36. These results
suggest that extreme precipitation may be generated over EA in
the future with high probability3. Over the extratropic regions
such as EA, accounting for Pconv explicitly can aid in the prediction
of extreme rainfall.
As a consequence of the projected increase in Pconv over most

of the monsoon domains, the fraction of Pconv (Fconv) also is
expected to become larger than that in the present climate.
Conversely, the Pconv over NAM and NAF is projected to slightly
decrease, even though those regions are located in the tropics.
Although Pconv is the dominant type of rainfall in the tropics, the
models highlight some regional variability. Furthermore, by
comparing the scenarios, it can be seen that Pconv generally varies
more under SSP1–2.6 than under SSP2–4.5. It is possible that the
convection parameterization plays a role in the predicted increase
in total precipitation under the SSP1–2.6 scenario.

DISCUSSION

The accurate knowledge of climate change is important to cope
with the probability of natural disasters. We show the individual
changes in precipitation per 1 °C global warming based on the
analysis of CMIP6 in terms of the global and local summertime
precipitation. The state-of-the-art CMIP6 climate models project
that NHM rainfall will increase more than that of SHM with high
confidence, and Asian monsoon projects highly enhanced
precipitation under the 1 °C of warming. The summertime
rainfall will be enhanced in response to a stronger thermo-
dynamic effect, while the atmospheric circulation should weaken
over most of the regional monsoon domains. Static stability
could explain why the increasing rate of precipitation is smaller
than that predicted with the C–C approximation. A warm
atmosphere tends to strengthen the static stability, weakening
the vertical motion, and resulting in less precipitation12,20.
Increasing static stability is prominent in both the lower and
the upper atmosphere (Supplementary Fig. 4). The latter has
large differences in the response to the different emission
scenarios. Most of the monsoon domains are projected to exhibit
stabilized by 35% in the long term relative to the present value
under the SSP5–8.5. As the low-level static stability will decrease
up to 10%, with less interscenario differences, it is likely that the
smaller-than-expected increase in precipitation is mostly gov-
erned by the upper-level static stability.
We also attempted to provide an insight into change in the

duration of the rainy season. The extension of the rainy season is
projected over most of the monsoon domains. For example,
changes in retreat (onset) are the key factors to lengthening the
monsoon season over IND, ICP, and SAF (ICP, EA, SAF, and AU) in
the long term under the SSP5–8.5 scenario, respectively. Short-
ening the rainy season over American monsoon is one of the
notable points in this study. As the length of the rainy season is
highly affected by the local topography, high-resolution modeling

Fig. 5 Regionally averaged future changes of each term of the
moisture budget equation. a–c Future changes of precipitation
minus evaporation (P−E; black), thermodynamic (TH; blue), dynamic
(DY; red), and transient (TE; green) terms in the a near term
(2021–2040), b mid term (2041–2060), and c long term (2081–2100)
across regional monsoon regions. The width of the bar shows the
future scenarios: SSP126 (narrow), SSP245 (middle), and SSP585
(wide). The shown bars indicate that more than two-thirds of the
models agree on the sign of the change.
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simulation could improve the prediction skill for a season change.
This study motivates further research aimed at improving the
convection parameterization and identifying the response of Pstrat.
The decline of the moisture lapse-rate is expected to modulate the
change in Pstrat. In addition, the role of the land system concerning
evaporation, future land-use change, and shifting vegetation
patterns on the hydrological cycle should be investigated with
regard to land monsoon rainfall. Finally, we should pay attention
to possible feedbacks under warmer climate and recognize the
potential risk of exceeding unknown thresholds, such as tipping
points37,38. To properly assess future changes in precipitation, we
must ensure that the projected changes in the regional monsoons
can be interpreted in terms of the physics involved, which must,
therefore, be understood. Our confidence in the future projection
of summertime precipitation using various emission scenarios is
likely to improve the understanding of the impacts of a warmer
climate in the future.

METHODS

Data collection from the CMIP6 archive

We use monthly and daily precipitation, convective precipitation, and 2-m
air temperature data for the historical period (1995–2014) and a future
period (2015–2100) using climate projections under the Shared Socio-
economic Pathway (SSP) 1–2.6 (SSP1–2.6), 2–4.5 (SSP2–4.5), and 5–8.5
(SSP5–8.5) scenarios in the CMIP6 archive. The first number in the SSP label
indicates the assumed shared socio-economic pathway, whereas the
second number indicates the global effective radiative forcing by 2100.
Further information on the SSP scenarios is available in O’Neill et al.16.
Details of the used climate models are given in Table S1. Only one member
of each model is used. We identify three future terms, which we name as
the near term (2021–2040), mid term (2041–2060), and long term
(2081–2100). The CMIP6 CGM historical simulations are evaluated against
the pentad precipitation from the Global Precipitation Climatology Project
(GPCP) dataset39 and the ERA-Interim data40 from the European Center or
Medium-Range Weather Forecasts (ECMWF). All the models and observa-
tions are interpolated in a 2.5° × 2.5° grid prior to performing the analysis.
Because this study focuses on the change in summertime precipitation, the
target season spans May to September (MJJAS) for the Northern
Hemisphere (NH) and November to March (NDJFM) for the Southern
Hemisphere (SH). The Taylor diagram over the global domain [30°S–60°N,
0°–360°E] for the summertime precipitation and air temperature shows the
quantified model performance skill (Supplementary Fig. 5). The pattern
correlation coefficients between the simulated precipitation and GPCP
data range between 0.77 and 0.89. In the case of air temperature, the
spatial correlation coefficients range from 0.89 to 0.98. The key features of
the global summertime precipitation and air temperature are well
captured in the CMIP6 projections.

Definition of the monsoon domain and rainy season

The monsoon domain is defined as the location where the annual
amplitude of precipitation is greater than 2mm day−1 and the amplitude
of the annual cycle of precipitation is ten times larger than that of the
semiannual cycle, following the definition of Ha et al.3. The defined global
summertime monsoon domain is decomposed into nine regional
monsoon domains, as shown in Fig. 2, namely the North African monsoon
(NAF), South African monsoon (SAF), Indian monsoon (IND), Indo-China
Peninsula monsoon (ICP), East Asian monsoon (EA), western-North Pacific
monsoon (WNP), Australian monsoon (AU), North American monsoon
(NAM), and South American monsoon (SAM). The four Asian monsoon
domains are divided based on the homogeneity of the onset of summer
monsoon to identify the changes in the rainy season3.
Analyzing the rainy season is the same as Ha et al.3 method. They

modified the definition of Wang and LinHo2, who used the onset and
retreat of monsoon using the sum of the first 12 harmonics of precipitation
by adding the duration condition. The advantage of this definition is that
the same onset and retreat threshold can be used regardless of location.
The Previous study3 investigated the representative rainfall for the
monsoon domains by using the area-averaged precipitation. However,
here we have used the area mean of grid-by-grid calculation of onset,
retreat, and duration over the individual regional monsoon domains to
consider the features of each point well.

Moisture budget equation

To identify the cause of the changing future precipitation over individual
regional monsoon domains, the moisture budget equation is used, as in
Seager et al.41:

δP � δE ¼ δTHþ δDYþ δTEþ Res; (1)

δTH ¼ �
1

ρwg

Z ps his

100 hPa

∇ � uhis δq½ �ð Þdp; (2)

δDY ¼ �
1

ρwg

Z ps his

100hPa

∇ � δu½ �qhisð Þdp; (3)

δTE ¼ �
1

ρwg

Z ps his

100 hPa

∇ � δ u0q0ð Þdp; (4)

δ �ð Þ ¼ ð�Þfut � ð�Þhis; (5)

where P is the precipitation and E is the evaporation from the surface. The
thermodynamic (δTH) term is only influenced by changes in specific
humidity and mean circulations. The altered circulation and mean specific
humidity affect the dynamic (δDY) term. The transient eddy (δTE) term is
related to the changes in eddy flux, and Res indicates the residual term; u is
the horizontal vector wind, q is the specific humidity, Ps is the surface
pressure, ρw is the density of water, and g is the gravitational constant. The
overbar indicates the climatological monthly mean and the prime indicates
the departure from the climatological monthly mean. Subscripts his and
fut indicate historical and future values, respectively. As we considered
three future periods (near-term, mid-term, and long-term), the fut value
changes with the considered period.
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