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Abstract A reliable projection of the future duration of the Indian summer monsoon (ISM) provides an
important input for climate adaptation in the Indian subcontinent. Nevertheless, there is low confidence for
projections of ISM duration, due to large inter-model uncertainty of onset and withdrawal changes. Here, we
find that models with excessive sea surface temperature (SST) over the tropical western Pacific (WP) during
spring and greater surface warming trends over the northern mid-high latitudes (NMHL) during autumn in the
present day tend to overestimate future delays to ISM onset and withdrawal, respectively. This can be attributed
to the influence of surface thermal conditions on upper-tropospheric warming patterns. Constrained by the
observational WP SST and NMHL surface warming trends, projected ISM duration under a high-emission
scenario is shortened by 6 days compared to the current climate, with a reduction of inter-model uncertainty by
46% relative to the unconstrained results.

Plain Language Summary The duration of the Indian summer monsoon (ISM) has profound
implications for socioeconomic activity in the Indian subcontinent, given its strong link with the length of
India's rainy season, which directly impacts water resources, crops and fisheries. The potential future change of
ISM duration remains inconclusive due to large inter-model discrepancies between models. Here, we find that
the model uncertainties of climatic change in the onset and withdrawal of the ISM are closely related to the
modeled present-day sea surface temperatures in the tropical western Pacific Ocean and the surface warming
trend over Northern Hemisphere mid-high latitudes, respectively. By constraining present-day simulations of
the two metrics using observations, the projected ISM duration becomes shorter, and the uncertainty is reduced
significantly in comparison to unconstrained estimates. The results imply that more and more intense extreme
rainfall events will occur within a shorter season, which will significantly increase the impact of the
hydrological disasters associated with extreme rainfall events such as flash floods and landslides.

1. Introduction

The Indian summer monsoon (ISM) is one of the world's most energetic monsoon systems, featuring a sudden
onset in late May/early June and a gradual withdrawal in late September/early October (Ananthakrishnan &
Soman, 1988; Goswami et al., 1999; Webster & Yang, 1992). The duration of the ISM has profound implications
for the socioeconomic activity of people living in the Indian subcontinent, who account for over 20% of the global
population. A shortened ISM duration amounts to a shorter rainy season over India (Goswami & Xavier, 2005),
resulting in a dry ISM (Misra et al., 2017), which reduces cultivated area and crop yields (Bandurathna et al.,
2021; Subash et al., 2023). Conversely, a longer ISM duration extends the fishing moratorium period in South
Asia (Islam et al., 2021). Thus, a reliable prediction of ISM duration is crucial for effective agricultural planning,
water-resource management and fisheries in this densely populated region.

The future global warming that is inevitable due to anthropogenic greenhouse gas forcing will undoubtedly
impact the characteristics of the ISM, such as causing an increasing trend in ISM precipitation (Luo et al., 2024;
Rajesh et al., 2021; Saha et al., 2023; Turner & Annamalai, 2012). However, there is still a lack of reliable
projections regarding how the duration of the ISM will change in the future (Wang et al., 2024). This is due to the
large discrepancy in the projected ISM duration changes between models (Dong et al., 2016; Ha et al., 2020;
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Kitoh etal., 2013; Lv et al., 2024; Moon & Ha, 2017; Zhang et al., 2012; Zhou et al., 2024). According to the latest
Coupled Model Intercomparison Project (CMIP) multi-model results (i.e., CMIP6), there is “low confidence” in
projections of ISM duration (Ha et al., 2020). This uncertainty in ISM duration projections is hindering efforts to
plan and adapt to changes in risk. Hence a reliable projection of the ISM duration is of crucial importance to
climate adaptation activities.

The emergent constraint technique is one of the most promising methods to reduce uncertainties in future pro-
jections; it is based on physical understanding and the exploitation of statistical relationships between observable
quantities from present-day simulations in future climate projections (Chen et al., 2020; Deangelis et al., 2015;
Donat et al., 2018; Hall & Qu, 2006; He, 2023; Li & Xie, 2014; Li et al., 2023). This technique has been pre-
viously applied to constrain projections of Indian summer precipitation (Chen et al., 2022; Li et al., 2016, 2017,
Rajesh & Goswami, 2022; Shamal & Sanjay, 2021). In this study, we aim to reveal the potential sources of
uncertainty in the projection of ISM duration, and explore the possibility of adopting emergent constraints for
future ISM duration changes using multiple CMIP6 model simulations. Our results suggest a shorter ISM duration
in a future warming climate than the unconstrained estimates.

2. Materials and Methods

The outputs of historical simulations and future projections under the very-high-greenhouse-gas emission sce-
nario (SSP5-8.5) from 24 CMIP6 models (Table S1 in Supporting Information S1) are used in our analysis, and
the first available member (i.e., rlilp1f1) is used for each model and each experiment in which adequate variables
are outputted. The models were selected based on the availability of daily air temperature, as it is a prerequisite for
defining the ISM duration in this study.

In addition, multiple observational data sets of sea surface temperature (SST) and surface temperature (Ts) are
utilized. The SST data sets were derived from six sources: COBE-SST (Ishii et al., 2005), COBE-SST?2 (Hirahara
et al., 2014), ERSSTv3 (Smith et al., 2008), ERSSTv5 (Huang et al., 2017), HadISST (Rayner et al., 2003), and
ICOADS (Freeman et al., 2017), while the Ts data sets were derived from four sources: BEST (Rohde
et al., 2013), Cowtan and Way version 2 (Cowtan et al., 2014), GISTEMP v5 (Lenssen et al., 2019), and
NOAAGIobalTemp v5 (Vose et al., 2012). All model outputs and observations are remapped onto a uniform
resolution 2.5°-grid using bilinear interpolation. The historical climatology is calculated from 1960 to 2010, while
the future climatology is calculated from 2049 to 2099. Their difference (future minus history) is calculated as the
projected change.

The ISM duration is determined by the onset and withdrawal dates of the ISM. Following previous studies
(Goswami & Xavier, 2005; Liu & Yanai, 2001; Sabeerali & Ajayamohan, 2018; Wu & Liu, 2014; Xavier
et al., 2007), the ISM onset and withdrawal dates can be estimated by the reversal of the meridional gradient of
upper tropospheric (500-250 hPa) temperature (UTT) over India. In this study, the ISM onset (withdrawal) date is
defined as the day on which the daily climatology of the meridional gradient of UTT, averaged over the Indian
subcontinent (10°-30°N, 70°-85°E; marked in Figure S1a in Supporting Information S1), undergoes a reversal
from negative to positive (positive to negative). Based on this definition, the observational ISM onsets in early
June and withdraws in late September (red curve in Figure S1b in Supporting Information S1). This feature can be
captured by the multi-model mean results from CMIP6 models very well (black curve in Figure S1b in Supporting
Information S1), albeit with some inter-model discrepancies (gray curves in Figure S1b in Supporting Infor-
mation S1). The onset and withdrawal dates derived from the current definition are not sensitive to the specific
regions used for the meridional gradient of UTT (Figure S2 in Supporting Information S1).

The hierarchical emergent constraint framework proposed by Bowman et al. (2018) is used to constrain the
projection of the ISM duration (see Supplementary Text S1 in Supporting Information S1).

3. Results

3.1. Projection Uncertainty in the ISM Duration Across Models

Figure 1a presents the future changes in the ISM onset and withdrawal dates from each model. These projections
reveal a notable variability among models, with standard deviations of 4.1 days for the onset and 3.6 days for the
withdrawal (marked by the red bars). These inter-model discrepancies even surpass the multi-model mean
changes (marked by the large red dot). The considerable uncertainty in projections of the onset and withdrawal
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Figure 1. Inter-model relationship between future temporal shift (units: days) of the ISM: (a) onset versus withdrawal, (b) duration versus onset, and (c) duration versus
withdrawal. Solid best-fit line is obtained using the least squares method, and dashed curves denote the 95% confidence range of this linear fit. The inter-model
correlation coefficient (r) and p-value are shown on the top-right corner. The red dot (line) in (a) denotes the multi-model mean (one inter-model standard deviation).
Spatial pattern of (d) historical SST (°C) in the spring (February-April) mean corresponding to future changes in ISM onset and (e) historical surface temperature trend (°
C yr™") from 1960 to 2010 during autumn (September-October) corresponding to withdrawal changes, obtained by regression against the normalized future onset and
withdrawal changes, respectively. The tropical mean SST between 15°S and 15°N in the present was removed from each model before regression. The stippling in (d),
(e) represents a regression statistically significant at the 90% confidence level according to the Student's z-test. The black rectangle in (d) marks the 10°S—5°N,
120°E—140°E domain (WP) and in (e) denotes the 30°N—70°N, 0°—360°E domain (NMHL).

can lead to a high uncertainty in the projected changes of the ISM duration. This is also supported by the high
inter-model correlation between the projected changes in the ISM duration and those in the onset (r = —0.8,
p < 0.01; Figure 1b) and withdrawal dates (» = 0.75, p < 0.01; Figure 1c).

It is noteworthy that the projected changes in the onset and withdrawal dates exhibit very low correlation rela-
tionship (r = —0.21, p > 0.1; Figure 1a). This suggests that the sources for the inter-model discrepancies in the
projections of onset and withdrawal dates should be different, which thus need to be investigated separately.

3.2. Emergent Relationship Between Historical Simulations and Projections of ISM Duration

The ISM duration is closely related to the reversal of the thermal contrast between the tropics and the northern
subtropics during the transition seasons. To understand the uncertainty in ISM onset and withdrawal projections,
we focus on the thermal conditions in spring and autumn, as they are critical in the transition of the monsoon
circulation. The association between the current SST/surface temperature trend during the transition seasons and
the future changes in the ISM onset/withdrawal dates were examined respectively to identify the emergent re-
lationships. A significant positive correlation is found between future changes in the ISM onset and the current
SST over the tropical West Pacific (WP) in the spring (February-April) mean (Figure 1d), indicating that a model
with a warmer WP SST during spring in the present-day climate will project a more delayed onset of the ISM in
future. Regarding the ISM withdrawal projections, a significant positive correlation pattern was obtained between
these and the current 1960-2010 surface temperature trend over the northern mid-high latitudes (NMHL) during
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Figure 2. Spatial pattern of future changes in spring (a) precipitation (shading shown above the 90% significance level;
mm dayfl) and 850-hPa wind (vector; m s~"), and (b) 500-200 hPa thickness (shading; m) and 200-hPa wind (vectors; m sfl)
regressed onto the normalized present-day SSTyp.

autumn (September-October) (Figure le). This pattern indicates that models exhibiting a stronger surface
warming in the NMHL in the historical period tend to project a more delayed ISM withdrawal in future.

Why does a significant inter-model correlation between the present-day WP SST and temporal shift in the future
ISM onset exist? To understand this, we define an SST index as the average of current SST over the 10°S—5°N,
120°E—140°E domain (marked by the rectangle in Figure 1d) relative to the tropical mean (15°S—15°N, 0°—
360°E) in spring (February-April) (hereafter SSTy,p), and then regress the projected precipitation and circulation
changes onto the normalized SSTp (Figure 2). The results show that models with a warmer WP SST in the
present will project a greater increase in precipitation over the equatorial western-central Pacific in the future
(Figure 2a). This intensified precipitation anomaly then leads to changes in tropical circulation as predicted by the
Gill model (Gill, 1980), including a pair of off-equatorial cyclonic gyres to its west and equatorial easterly winds
to its east in the lower levels, with a reverse pattern in the upper troposphere. Moreover, it can trigger upper
tropospheric warming through condensational latent heat release. Subsequently, this warm anomaly rapidly
propagates across the tropics through the equatorial wave adjustment process (Neelin & Su, 2005; Su et al., 2003;
Xie et al., 2010) and thus lead to warmer UTT over the entire tropics (Figure 2b). This warming pattern in the
upper troposphere contributes to delaying the ISM onset by hindering the reversal of the meridional gradient of
UTT from negative to positive.

Recent studies (Cheng et al., 2024; Pathirana et al., 2024) have provided a physical explanation for the connection
between present-day WP SST and future precipitation changes over the equatorial western-central Pacific. In
these studies, the future precipitation changes over the western-central Pacific are closely related to the
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Figure 3. Spatial pattern of future changes in autumn (a) surface temperature (°C), and (b) 500-200 hPa thickness (shading;
m) and 200-hPa wind (vectors; m s~'), regressed onto the normalized TsTr, representing the present-day surface warming
trend over the NMHL. Black dots in (a) indicate the 90% significance level.

precipitation sensitivity over this region, as evidenced by their significant positive correlation (r = 0.47, p < 0.05;
Figure S3a in Supporting Information S1). Here, the precipitation sensitivity is defined as the linear response of
precipitation to the SST over the region (10°S—10°N, 120°-170°E) on an interannual time scale. The positive
correlation suggests that models with higher precipitation sensitivity will project a greater precipitation increase
for the same SST rise in the future. Furthermore, the precipitation sensitivity of the western-central Pacific is
influenced by the current WP SST in spring, as they are significantly correlated (r = 0.54, p < 0.01, Figure S3b in
Supporting Information S1).

How does the NMHL surface warming trend in recent decades affect projected changes in the ISM withdrawal?
Here, following Chen et al. (2022), we define a surface temperature trend index to represent the present-day
NMHL warming pattern (hereafter TsTr). For the TsTr of each model, the historical surface warming trend
from 1960 to 2010 in autumn (September-October) in each model is projected onto the inter-model warming trend
shown in Figure le over the 30°N—70°N, 0°-360°E domain (marked by the rectangle in Figure le). Then, we
regress the projected surface temperature and circulation changes onto TsTr (Figure 3). A significant surface
warming pattern is obtained over the NMHL, indicating that a model with a larger NMHL warming trend will
project a greater increase in surface temperature over the same region (Figure 3a). Additionally, a warmer upper
troposphere over the northern middle latitudes is also seen, as indicated by the increase of atmospheric layer
thickness (Figure 3b). The warming patterns of the upper troposphere and the surface temperature are generally
consistent, indicating that the atmospheric temperature change is probably influenced by the surface temperature
change, as a warmer surface could release more upward sensible heat flux and thereby warm the atmospheric
column (Cohen et al., 2019; Myhre et al., 2018). The upper-tropospheric thermal contrast between the northern
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midlatitudes and tropics favors postponement of the ISM withdrawal, as it hinders reversal of the meridional
gradient of UTT from positive to negative.

A greater warming in the NMHL than the rest of the globe is inherent to global warming, due to the smaller heat
capacity from a larger land area fraction in this region (Byrne & O’Gorman, 2013; Previdi et al., 2021). Hence, the
inter-model spread in the global mean warming rate under a given radiative forcing can influence the inter-model
spread in the NMHL warming trend in recent decades, as well as that in the future surface temperature change of
the NMHL (Chen et al., 2022; Tokarska et al., 2020). As shown in Figures S4a and S4b in Supporting Infor-
mation S1, the equilibrium climate sensitivity, which measures the global mean warming rate, is significantly
correlated with the TsTr (r = 0.58, p < 0.01), and the surface temperature change averaged over 30°N-70°N, 0—
360°E (r = 0.82, p < 0.01). Thus, models showing a stronger warming trend over the NMHL would induce a
greater increase in surface temperature in the future and thereby warmer air temperature in that region, finally
resulting in greater postponement in the reversal of the meridional gradient of UTT from positive to negative, that
is a delayed ISM withdrawal.

The underlying mechanisms provide a solid physical basis for the observational constraint. Thus, we can
constrain the future inter-model uncertainty of ISM onset and withdrawal based on the current observed SST over
the WP in spring and observed surface warming trend over the NMHL in autumn, respectively.

3.3. Constrained Projection of ISM Duration

To constrain the inter-model uncertainty in projecting the ISM duration, we first constrain the uncertainty in onset
and withdrawal changes, respectively. For the ISM onset, the SSTwp defined in Section 3.2 is used as the
observational constraint. The inter-model variations of SSTy,p and the projected ISM onset show a significant
correlation of 0.57 (Figure 4a), indicating that the inter-model spread in simulating the current WP SST can
explain around 32% of the inter-model spread in ISM onset projections. The model results are further compared
with the observational SSTwp based on six observational data sets (vertical purple shading in Figure 4a). The
climatological values of SSTyp in ~70% models are larger than those in observations, indicating a systematic
overestimation of the current WP SST by CMIP6 models. The constrained projections show that the ISM onset
will be delayed by 3 days in the future, which is one day less than the original projection that showed a 4-day delay
in the ISM onset (Figure 4¢). Furthermore, the probability density function of constrained ISM onset projection is
narrower than the unconstrained one, with a reduction in inter-model variance of 39%.

Regarding the ISM withdrawal, the TsTr defined in Section 3.2 is used as the observational constraint. The inter-
model variations of TsTr and the projected ISM withdrawal dates show a significant correlation of 0.76
(Figure 4b), indicating that the inter-model spread in simulating the current NMHL surface warming can explain
around 58% of the inter-model spread in the ISM withdrawal projections. The model results are further compared
with the observational TsTr based on four observational data sets (vertical purple shading in Figure 4b), which
shows that most models overestimate the current warming trend, consistent with previous studies (Chen
et al., 2022; Tokarska et al., 2020). The constrained projections show that the ISM withdrawal will advance by
3 days in the future, in contrast to the unconstrained projections showing minimal change (Figure 4d). Addi-
tionally, the inter-model variance of the projected ISM withdrawal is reduced by 56% after the observational
constraint.

The constrained projection of ISM duration, based on constrained projections of the ISM onset and withdrawal,
shows a 46% reduction in the inter-model variance compared to the raw projection (Figure 4e). Additionally, it
suggests that the ISM duration will be shortened by 6 days in the future. By contrast, the unconstrained projection
of the ISM duration is not reliable due to a much higher inter-model uncertainty.

4. Conclusions

A reliable projection of the Indian summer monsoon duration is critical for effective planning for agriculture,
water resources and fisheries over the Indian subcontinent. However, existing projections show large inter-model
uncertainties, jointly contributed by model discrepancies in projecting changes in the ISM onset and withdrawal.
We found that models with higher SST over the tropical WP during spring in the present tend to overestimate the
future delay of ISM onset. The relationship is attributed to different precipitation sensitivities across models.
Models with warmer WP SST tend to project a greater increase in precipitation over the western-central Pacific in
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a) r = 0.57 (p<0.01) (b) r = 0.76 (p<0.01)
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Figure 4. (Upper panels) Inter-model relationship between current measurements and future temporal shifts of the ISM:
(a) SSTyp (°C) versus onset change (days), (b) TsTr [(°C yr_l)z] versus withdrawal change (days). The inter-model
correlation coefficient (r) and p-value are shown on the top-right corner. The gray best-fit line is obtained using the least
squares method, and dashed curves denote the 95% confidence range of the fit. The observations are denoted by vertical
purple color, with the line (shading) representing the mean (one standard deviation) of different observational data sets. The
purple best-fit line is obtained by correcting the gray best-fit line using observations. The horizontal violet-red line represents
the constrained projection result (Lower panels) Probability density function (PDF) under a Gaussian assumption of the
unconstrained and constrained future projections in the (c) onset, (d) withdrawal, and (e) duration of the ISM. The values in
parentheses are mean and standard deviation of the Gaussian distribution.

the future, thereby leading to a higher rise in UTT due to condensational latent heat release, which could
propagate throughout the tropics via equatorial wave adjustment process. The greater warming in the tropics than
in the northern latitudes hinders the reversal of the meridional gradient of UTT from negative to positive, thus
contributing to a delay in the ISM onset. The projected ISM withdrawal is affected by the NMHL warming, as
models with a greater surface warming trend over the NMHL during autumn in the present tend to overestimate
the future withdrawal. This relationship is attributed to the diverse response of the surface temperature change to a
given radiative forcing across models. Models showing a stronger historical NMHL warming trend would induce
a greater increase in future surface temperature over this region, thereby warming the UTT through sensible heat
fluxes. The greater warming of the NMHL than the tropics in the upper troposphere hinders the reversal of the
meridional gradient of UTT from positive to negative and thus contributes to the delay of the ISM withdrawal.

We further use the WP SST in spring and the NMHL surface temperature trend in autumn as observational
constraints to correct the projections of ISM onset and withdrawal respectively. The constrained projections show
that the ISM duration—using a metric based on tropospheric temperature—will be shortened by ~6 days in the
future, due to ~3 days delay in onset and ~3 days advance in withdrawal. The inter-model variance of the ISM
duration projections has been reduced by 46% in the constrained results compared to the raw projection, with a
39% reduction in the onset and a 56% reduction in the withdrawal.
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The results suggest that the Indian rainy season is likely to be shortened. More importantly, although the shrinking
of the Indian rainy season tends to restrict the increasing trend of ISM accumulated rainfall in the future, ISM
accumulated rainfall and the frequency and intensity of daily extreme rainfall events are expected to increase
under global warming (Rajesh et al., 2021). This suggests that more and more intense extreme rainfall events will
occur within a shorter season, which will significantly increase the impact of the hydrological disasters associated
with extreme rainfall events such as flash floods and landslides.

As the future shrinking of the ISM duration is analogous to that observed in El Nifio years, and the El Nifio can
also influence the ISM duration through its effect on UTT (Goswami & Xavier, 2005; Sabeerali et al., 2012;
Sahana et al., 2015; Xavier et al., 2007), it seems reasonable to suggest that the changing nature of El Nifio under
global warming (Chen et al., 2015, 2017) may be an important factor in reducing the length of ISM in the future.
However, given that La Nifia years tend to lengthen the ISM, the net effect on the ISM duration averaged over
many events would be zero. It is acknowledged that ENSO itself is skewed (Chen et al., 2016, 2019; Sun
et al., 2023), and therefore the impacts on the ISM duration may not be linear, and may not cancel each other out.
This indicates the necessity for further research to ascertain the precise role of ENSO in the projected change of
ISM duration.

Data Availability Statement

The CMIP6 models used in this study are listed in Table S1 in Supporting Information S1, available from the
Earth System Grid Federation at https://esgf-node.lInl.gov/search/cmip6/. Observational SST data HadISST are
downloaded at https://www.metoffice.gov.uk/hadobs/, ERSSTv3, ERSSTv5, ICOADS, COBE-SST, and COBE-
SST2 are downloaded at https://www.esrl.noaa.gov/psd/data/gridded/tables/sst.html. Observational Ts data
BEST are available at http://berkeleyearth.org/data-new/, Cowtan and Way v2 are available at https://www-users.
york.ac.uk/~kdc3/papers/coverage2013/series.html, GISTEMP v5 are available at https://data.giss.nasa.gov/
gistemp/, NOAAGlobalTemp v5 are available at https://psl.noaa.gov/data/gridded/.
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