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ABSTRACT

The onset, cessation, and length of the rainy season are crucial for global water resources, agricultural practices, and
food security. However, the response of precipitation seasonality to global warming remains uncertain. In this study, we
analyze how global warming levels (GWLs) of 1.5°C and 2°C could affect the timing of rainfall onset (RODs), rainfall
cessation (RCDs), and the overall duration of the rainy season (LRS) over global land monsoon (GLM) regions using
simulations from CMIP6 under the SSP2-4.5 and SSP5-8.5 scenarios. With high model consensus, our results reveal that
RODs are projected to occur later over Southern Africa, North Africa, and South America, but earlier over South Asia and
Australia, in a warmer climate. The projected early RODs in Australia are more pronounced at the 2°C GWL under SSP5-
8.5. On the other hand, early RCDs are projected over South America and East Asia, while late RCDs are projected over
North Africa, with high inter-model agreement. These changes are associated with a future decrease in LRS in most GLM
regions. Additionally, we found that continuous warming over 1.5°C will further reduce the length of the rainy season,
especially over the South America, North Africa, and Southern Africa monsoon regions. The findings underscore the urgent
need to mitigate global warming.
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Article Highlights:

¢ Future RODs over Southern Africa, North Africa, and South America will likely be delayed, while early RCDs are
projected over South America.

¢ Changes in RODs and RCDs are associated with a future decrease in LRS in most GLM regions.

¢ Continuous warming over 1.5°C will further reduce the LRS, particularly in monsoonal South America, North Africa,
and Southern Africa.

Introduction

Africa (SAF), South Asia (SAS), East Asia (EAS), and Aus-

The global land monsoon (GLM) system comprises
seven major monsoon regions: North America (NAM),
South America (SAM), North Africa (NAF), Southern

% This paper is a contribution to the special topic on Global and
Regional Monsoons: State of the Art and Perspectives.

* Corresponding author: Akintomide A. AKINSANOLA
Email: aakinsan@uic.edu

© The Author(s) 2026. This article is published with open access at link.springer.com.

tralia (AUS) (Yim et al., 2014; Wang et al., 2017b; Wang
et al., 2020). These regions are characterized by a seasonal
reversal of wind direction driven by differential heating
between land and ocean surfaces, leading to enhanced mois-
ture transport and a pronounced increase in precipitation dur-
ing the local summer season (Akinsanola and Zhou, 2019,
2020; Chen et al., 2020; Chakraborty and Singhai, 2021).
The monsoon system plays a critical role in global hydrologi-
cal and energy cycles, directly influencing the livelihoods,
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water resources, and agricultural productivity of nearly two-
thirds of the world’s population (Wang and Ding, 2008;
Wang et al., 2012; Kitoh et al., 2013; Zhang et al., 2016;
Akinsanola and Zhou, 2019; Zhang and Zhou, 2020). How-
ever, these regions exhibit high sensitivity to global climate
change, as warming-induced shifts in atmospheric circulation
and moisture availability can alter monsoon intensity, dura-
tion, and variability (Seager et al., 2010; Kitoh et al., 2013;
Zhang and Zhou, 2019; Zhou et al., 2020). Given the pro-
found socioeconomic and ecological consequences of mon-
soon variability, robust and reliable projections of GLM pre-
cipitation characteristics are essential for improving climate
adaptation and mitigation strategies in these vulnerable
regions.

Over the past 30 years, the average global surface temper-
ature has risen by about 0.2°C (10 yr)~! due to increased
greenhouse gas concentrations, driven mainly by anthro-
pogenic factors (IPCC, 2021). Studies have shown that this
warming trend has a major impact on the hydrological cycle
(Mishra and Liu, 2014; Lehmann et al., 2015; Donat et al.,
2016), altering precipitation characteristics in GLM regions
(Vera et al., 2006; Jones and Carvalho, 2013; Kitoh et al.,
2013; Zhang et al., 2016; Akinsanola and Zhou, 2019, 2020;
Deng etal., 2018; Ni and Hsu, 2018; Seth etal., 2019;
Zhang and Zhou, 2019; Chen et al., 2020; Moon and Ha,
2020; Wang et al., 2020; Chang et al., 2022). For example,
more frequent severe rainfall extremes have been documented
in the AUS and SAM monsoon regions (Jones and Car-
valho, 2013; Wang et al., 2020). Over SAS, precipitation
shows decreased occurrence of low and moderate intensities
triggering meteorological drought (Mishra and Liu, 2014),
with an increasing positive trend in summer monsoon precipi-
tation over the northern parts of India’s west coast (Preethi
et al., 2017). The summer monsoon rainfall in SAS has been
consistently projected to rise (Kitoh et al.,, 2013; Menon
et al.,, 2013; Sharmila et al., 2015), while in NAM, it will
likely decrease (Jin et al., 2020). Regionally, because of the
disparity in warming rates between hemispheres, projected
changes in monsoon precipitation show a more significant
and consistent increase in the Northern Hemisphere (NH)
compared to the Southern Hemisphere (SH) (Lee and
Wang, 2014). Earlier research has found that, under severe
climate scenario pathways, there is a projected rise in the fre-
quency of floods and droughts in eastern Africa (Ayugi
et al., 2021). Future projections indicate a decrease in precipi-
tation across both NAF and SAF, with NAF experiencing
notably wet years and SAF facing significantly drier years
by the end of the 21st century (Almazroui etal., 2020;
Majdiet al.,2022; Bobde et al., 2024). Given these significant
alterations in precipitation patterns, it is important to draw
more attention to the timing of rainfall onset and cessation,
along with the length of the rainy season to enhance our
understanding and preparedness for the resulting hydrological
impacts.

Although future GLM changes have received much att-
ention, most studies have focused on understanding and pre-
dicting precipitation characteristics such as mean and
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extreme rainfall (e.g., Akinsanola and Zhou, 2019; Chen
et al., 2020; Jin et al., 2020; Yao et al., 2021; Chang et al.,
2022; Das et al., 2022; Liu et al., 2022), with limited attention
to changes in onset and cessation dates of the rainy season.
However, understanding the impact of global warming on
these rainy season characteristics in GLM regions is vital
for developing adaptive strategies in socioeconomic sectors
such as agriculture, water resource management, and disaster
preparedness (Turner and Annamalai, 2012). Early or
delayed onset can significantly affect crop planting schedules
and yields, while premature or prolonged cessation impacts
water availability and increases the risk of droughts and
floods (Gadgil and Gadgil, 2006; Dash et al., 2007; Sylla
etal.,, 2016; Singhai etal., 2023). Findings from studies
reveal that higher warming levels could trigger a delayed rain-
fall onset and early withdrawal due to variations in atmo-
spheric circulation patterns and gradients of sea surface tem-
peratures (SSTs) (Kitoh et al., 2013; Khadka et al., 2022).
For instance, a projected average delay of 5-10 days in the
start of the wet season in West Africa, along with a later
onset in SAF, is linked to the intensifying Saharan heat low
during late summer and a northward shift in the tropical rain
belt from August to December (Dunning et al., 2018). Further-
more, Khadka et al. (2022) observed that most CMIP5 and
CMIP6 models predict a late onset and early retreat for the
Southeast Asian monsoon. However, under a high-emissions
scenario, CMIP6 models project an earlier summer monsoon
onset over the Arabian Sea and a delayed onset over the
Bay of Bengal and South China Sea, driven by shifts in the
northward migration of the equatorial intraseasonal oscilla-
tion (Wanget al., 2024). Moreover, Cheng et al. (2024) identi-
fied a significant correlation between delayed monsoon
onset projections over the Bay of Bengal/South China Sea
and western Pacific SST simulations, prompting adjustments
that halved the projected delay. On the other hand, the pro-
jected duration of the Indian summer monsoon (ISM) shows
reduced uncertainty when constrained by observed SST
trends in the western Pacific and surface warming trends
over the northern mid-high latitudes, suggesting a six-day
reduction in ISM duration under a high-emissions scenario
(Cheng et al., 2025). Additionally, based on observations
and CMIP5 models, Hariadi et al. (2022) showed that the El
Niflo—Southern Oscillation (ENSO) influences the mon-
soon’s onset and cessation dates in Southeast Asia, with El
Nifio events causing an early onset and La Nifia events leading
to a delayed onset. Similarly, more erratic onset and cessation
patterns (Omondi et al., 2014), along with the duration of
the rainy season (Sabeerali and Ajayamohan, 2018), are
expected to be more pronounced toward the end of the 21st
century.

Despite these significant advances in monsoon
research, most studies have focused predominantly on individ-
ual regional monsoon systems, leaving a critical gap in our
understanding of how rainy season characteristics respond
to global warming at the broader GLM scale. Specifically,
the response of key monsoon attributes—such as rainfall
onset dates (RODs), cessation dates (RCDs), and the length
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of the rainy season (LRS)—to future climate scenarios
remains insufficiently explored across all GLM regions. Fur-
thermore, limited research has systematically assessed how
these characteristics evolve under different levels of global
warming, particularly the 1.5°C and 2.0°C thresholds outlined
in the Paris Agreement. Given the substantial societal and eco-
logical dependence on monsoon rainfall, it is crucial to com-
prehensively evaluate the spatially heterogeneous impacts
of climate change on monsoon dynamics. This study builds
on previous studies to provide a comprehensive assessment
of projected changes in RODs, RCDs, and LRS under varying
warming scenarios across all GLM regions, offering critical
insights for climate adaptation strategies and water resource
management.

CMIP6 models are used to assess changes based on the
Shared Socioeconomic Pathway (SSP) 2-4.5 and 5-8.5 scenar-
ios. The rest of this paper is organized as follows: Section 2
details the data and methods employed in the study. Section
3 assesses how well the model simulates the climatology of
onset dates, cessation dates, and length of the rainy season
over GLM regions. Section 4 investigates projected changes
in the onset, cessation, and duration of the rainy season,
along with changes in key rainfall characteristics, including
total rainfall, rainfall per rainy day, and the number of rainy
days. Finally, section 5 presents a summary and conclu-
sions.

2. Data and methods

This study uses historical and future precipitation
datasets from 16 CMIP6 (phase 6 of the Coupled Model Inter-
comparison Project) models (Eyring etal.,, 2016), as
detailed in Table S1 in the electronic supplementary material
(ESM). These datasets encompass the historical period
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(1995-2014) as defined in IPCC ARG6, and the future
(2015-2100). The study employs the SSP2-4.5 and SSP5-
8.5 scenarios, reflecting moderate mitigation and worst-case
scenarios. Moderate mitigation efforts are anticipated in the
SSP2-4.5 scenario, potentially limiting global warming to
approximately 2.5°C above pre-industrial levels by the end
of the 21st century (O’Neill et al., 2017). Conversely, the
SSP5-8.5 scenario, also known as ‘“business as usual,”
depicts a future with high fossil fuel use and limited efforts
in climate mitigation, resulting in an approximate 5°C
increase in temperature by the close of the 21st century. The
first realization (rlilp1f1) is used in each model’s historical
and future projections to maintain consistency in the analy-
sis. The study also explores the warming thresholds of
1.5°C and 2.0°C compared to pre-industrial levels. These
thresholds are identified as the initial year when the 21-year
running mean of the global mean surface temperature
(GMST) arrives at 1.5°C and 2.0°C above pre-industrial lev-
els. Two 10-year periods around each threshold are selected
(Ayugi et al., 2022; Hauser et al., 2022). Table 1 presents
the timing of reaching 1.5°C and 2.0°C of global warming rel-
ative to pre-industrial levels under the SSP2-4.5 and SSP5-
8.5 scenarios. The CMIP6 multimodel ensemble mean
approach (referred to here as “EnsMean”) is employed to
address systematic biases due to model differences (Akin-
sanola and Zhou, 2019). The historical performance of the
CMIP6 models, along with their EnsMean, is evaluated
using observed daily datasets from the unified gauge-based
analysis of global daily precipitation (CPC) at 0.5° x 0.5°
resolution (Xie et al., 2010). In addition, we use CPC data
to identify the land areas of the global monsoon (GM)
domain. Following Wang etal. (2012) and Chen et al.
(2020), we defined the GM domain as the area where the pre-
cipitation difference between local summer and winter

Table 1. Timing of each CMIP6 model for reaching 1.5°C and 2.0°C global warming levels (GWLs) under the SSP2-4.5 and SSP5-8.5

scenarios (Hauser et al., 2022).

SSP2-4.5 SSP5-8.5

Model name GWL 1.5°C GWL 2.0°C GWL 1.5°C GWL 2.0°C
ACCESS-CM2 2019-38 2031-50 2016-35 2029-48
ACCESS-ESM1-5 2020-39 2036-55 2018-37 203049
CanESM5 2004-23 2015-34 2003-22 2013-32
CESM2-WACCM 2015-34 203049 2011-30 2024-43
CMCC-CM2-SR5 2016-35 2029-48 2012-31 2024-43
CMCC-ESM2 202140 2031-50 2020-39 203049
EC-Earth3 2013-32 2035-54 2015-34 202645
INM-CM4-8 202645 2054-73 202140 2037-56
INM-CMS5-0 2028-47 2063-82 202140 2037-56
IPSL-CM6A-LR 2009-28 2024-43 2009-28 202544
MIROC6 2037-56 2064-83 2031-50 2044-63
MPI-ESM1-2-HR 2028-47 2054-73 2024-43 2040-59
MPI-ESM1-2-LR 202746 2048-67 202544 2039-58
MRI-ESM2-0 202140 2040-59 2017-36 202948
NESM3 2015-34 2033-52 2011-30 202443
TaiESM1 202241 2034-53 2019-38 202746
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exceeds 2.0 mm d-!, and local summer precipitation
accounts for more than 55% of the annual total precipita-
tion. Summer here refers to May to September for the NH
and November to March for the SH.

To compare all datasets, we remap them using first-
order conservative remapping onto a common spatial grid
of 2.81° x 2.81°, adhering to the lowest model resolution fol-
lowing Faye and Akinsanola (2022) and Akinsanola et al.
(2024, 2025). Next, the metrics (e.g., onset date) are calcu-
lated for each model and averaged to obtain the EnsMean of
the models. Assessing model performance in simulating his-
torical precipitation is crucial for identifying uncertainty
sources and enhancing confidence in future projections.
Here, CMIP6 models are evaluated against observations
using the percentage bias (%) [Eq. (1)], normalized root-
mean-square error [NRMSE: Eq. (2)], pattern correlation coef-
ficient [PCC: Eq. (3)], and Taylor skill score [TSS: Eq. (4)].
Results are summarized through portrait diagrams, providing
a clear comparison of model performance across all monsoon
regions (Akinsanola et al., 2021; Taguela et al., 2025).
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where O and M are the observation and reference model
means, respectively; “cov” stands for covariance while “var’
is variance; and n is the total number of time steps. The stan-
dard deviation is denoted by o, while PCC, represents the
highest possible value of PCC, set to 1. The TSS varies
between 0 and 1, indicating no match or a perfect match
between the model and the observations. Numerous studies
have employed the TSS to evaluate model performance
(e.g., Faye and Akinsanola, 2022; Bobde et al., 2024).

The onset and cessation dates are determined using the
approach outlined by Liebmann and Marengo (2001), with
adjustments introduced by Bombardi etal. (2019). The
method uses only precipitation data and has been applied
across the global monsoon region by Wainwright et al.
(2021) and Bombardi and Boos (2021). The daily accumula-
tion of precipitation anomalies (S), beginning from the dry
season, is used to detect onset and cessation dates. Based on
the region’s climatology, S defines a threshold that accounts
for the persistence of precipitation leading up to these dates.

1)
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The onset date is identified when S reaches a local mini-
mum, while the cessation date is determined retrospectively
by applying the same calculation from the year’s end back-
ward. S is calculated using Eq. (5) as follows:

§= Zi:to (Pi _T)> ’ ©)

where P; represents the amount of precipitation measured
daily on day i; P denotes the mean annual precipitation rate
over along term, measured in mm d-'; and 7, marks the begin-
ning date for the computations. It should be noted that this
method does not consider areas with two or three wet seasons
annually. This is achieved by analyzing the proportion of vari-
ance explained by the initial three harmonics of the mean
annual precipitation cycle. If the second or third harmonic
accounts for as much variance as the first harmonic or more,
it suggests a pronounced bimodal or trimodal precipitation
regime, leading to the region being masked (Bombardi
et al., 2019). The duration of the rainy season is defined as
the period between the start and end dates of rainfall. We
also assess potential future changes in the frequency and inten-
sity of rainfall during the season, defining a rainy day as hav-
ing more than 1 mm of precipitation, in line with the criteria
used in CLIMDEX indices (Zhang et al., 2011). The average
precipitation during these wet days is then computed to repre-
sent the intensity of heavy rainfall (Dunning et al. 2018).

The projected changes are determined by comparing
the 20-year time slice from the projection (see Table 1 for
the period) with the historical period (1995-2014), and
future changes are deemed robust when a minimum of 70%
of individual models align on the direction or sign of the
ensemble mean. To evaluate the possibility of mitigating the
effects of reaching 2.0°C above pre-industrial levels, the
avoided impacts caused by an extra 0.5°C increase in warm-
ing are calculated using Eq. (6), and expressed as percentages
(%):

GW10-GWi5s

Avoided I ts =
voided Impacts ( GWas

)xlOO. (6)

GW, 5 and GW, represent the changes associated with
1.5°C and 2.0°C warming compared to the historical period.
This method has been employed in several recent studies
(e.g., Chen etal., 2020; Wang et al., 2020; Ayugi et al.,
2022).

3. Mean climatology of onset, cessation, and
length of the rainy season

We begin by evaluating the capability of CMIP6 models
to reproduce the climatological mean of RODs, RCDs, and
LRS across GLM regions by comparing model outputs with
CPC observations (Fig. 1). Observations indicate that RODs
typically occur during boreal (austral) spring, whereas
RCDs generally take place during boreal (austral) fall
(Figs. 1a and d) in the NH (SH). This seasonal pattern is
driven primarily by the latitudinal migration of the Intertropi-



JANUARY 2026

(a) RODs Observation
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Fig. 1. The climatological mean (1995-2014) for (a—c) rainfall onset dates (RODs), (d—f) rainfall cessation dates (RCDs), and
(g—i) length of the rainy season (LRS), measured in Julian days. The figures represent (a, d, g) observational data, (b, e, h) the
CMIP6 EnsMean, and (c, f, i) biases of EnsMean relative to observations (measured in days). Areas with stippling in (c, f, i) are
regions where differences are statistically significant at the 95% confidence level according to Student’s #-test. The black contour
lines outline the GLM domains, including North America (NAM), North Africa (NAF), South America (SAM), Southern Africa

(SAF), East Asia (EAS), South Asia (SAS), and Australia (AUS).

cal Convergence Zone (ITCZ), which modulates convection
throughout the year (Nicholson, 2018; Daron et al., 2019).
However, mesoscale circulations, orographic influences,
and land-use changes also contribute to regional variations
in the timing of rainfall onset and cessation (Mugalavai
etal., 2008; Amekudzi etal.,, 2015; Atiah etal., 2021;
Omay et al., 2023; Mwangi et al., 2024). While some mon-
soonal regions exhibit significant spatial variability in
RODs and RCDs, others display more consistent seasonal
characteristics. For example, in the NAF monsoon region,
RODs exhibit a zonally consistent northward progression,
beginning along the coast in late March (Julian Day ~90)
and reaching ~18°N by mid-June (Julian Day ~170) (Fig. 1a).
This pattern aligns with that found by Kumi and Abiodun
(2018), who analyzed the historical RODs, RCDs, and LRS
over West Africa using CHIRPS (Hazard Group Infrared Pre-
cipitation with Stations) and ARC2 (African Rainfall Clima-
tology version 2) observations. Although moisture transport
in this region also originates from the Mediterranean and
the Indian Ocean (Adeyeri et al., 2024), the northward pro-
gression of RODs is driven primarily by the northward trans-
port of moisture by the West African Monsoon, which
advects moisture from the Gulf of Guinea into the subconti-
nent (Omotosho et al., 2000; Sylla et al., 2013; Akinsanola
and Zhou, 2020). In contrast, the spatial distribution of
RODs and RCDs is more homogeneous across NAM and
EAS (Figs. la and d), except in the southeastern part of
EAS, where RODs occur significantly earlier than in other
parts of the region (Fig. 1a).

EnsMean generally captures the key spatial climatology
of RODs (Fig. 1b) and RCDs (Fig. le) across GLM regions.

However, compared to observations, EnsMean exhibits a sys-
tematic delay in RODs of approximately 20-30 days over
SAS and 10-20 days over eastern SAM and northern NAM,
while advancing RODs by 20-30 days over NAF and EAS
(Fig. 1c). In contrast, the simulated RCDs show lower
biases than the RODs (Fig. 1f), with an advance of about
10-15 days over NAF and NAM and a delay of approximately
10 days over AUS.

Regarding LRS, observations indicate that among the
monsoon regions, SAM experiences the longest LRS (> 160
days), while SAS has the shortest (< 90 days) (Fig. 1g).
This spatial pattern is relatively well captured by EnsMean
(Fig. 1h), though biases in duration remain (Fig. 1i). Specifi-
cally, EnsMean overestimates LRS by up to 30 days over east-
ern NAF, primarily due to earlier RODs (Fig. 1c). Addition-
ally, a positive bias of about 15 days is observed over EAS,
while SAS exhibits a negative bias of approximately 10
days. A distinct dipole bias emerges in the SAM region,
with LRS overestimated by roughly 20 days in the western
part and underestimated by a similar margin in the eastern
part.

Additionally, we evaluate the performance of individual
models in reproducing the mean climatology of RODs,
RCDs, and LRS across each monsoon region, and the
results are presented using portrait diagrams illustrating the
percentage bias, NRMSE, PCC, and TSS. These metrics mea-
sure the differences between the climatological mean of the
observations and models (Fig. 2). Previous studies have
demonstrated the effectiveness of these diagrams (e.g.,
Taguela et al., 2020; Akinsanola et al., 2021; Bobde et al.,
2024). A desirable outcome is to have a low percentage bias
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and NRMSE, along with high values for PCC and TSS (Akin-
sanola et al., 2024; Bobde et al., 2024). Figure 2 shows that,
across the GLM regions, CMIP6 models have difficulty simu-
lating RODs (Fig. 2a) compared to RCDs (Fig. 2b). This is
indicated by the higher percentage bias values for RODs rela-
tive to RCDs, with values as large as —26% in the NAF
region for models such as INM-CM5-0 (Fig. 2a), leading to
a high LRS percentage bias of 25% (Fig. 2c). The models’
NRMSE values (Figs. 2d-f) are relatively low across most
monsoon regions, except over AUS, where the NRMSE val-
ues for RODs, RCDs, and LRS are higher, with most models
showing values between 0.5 and 0.7. Positive PCC values
are generally observed (Figs. 2g—i), with most models reach-
ing up to 0.8-0.9 in SAS for RODs and RCDs, and in NAF
and AUS for LRS. The TSS for RODs, RCDs, and LRS indi-
cates regional variations across models (Figs. 2j-1). AUS
exhibits the lowest scores for RODs (Fig. 2j) and the highest
for LRS (Fig. 21), while SAS shows the highest scores for
RCDs, reaching 0.9 for most models (Fig. 2k). Overall,
while some individual models display significant biases, Ens-
Mean consistently outperforms most individual models
across all variables (RODs, RCDs, and LRS) and evaluation
metrics (percentage bias, NRMSE, PCC, and TSS). This high-
lights EnsMean as a more reliable choice for further analysis
and discussion over GLM regions.

4. Changes in rainy season characteristics

4.1. Projected changes in the onset, cessation, and
length of the rainy season

The projected changes in RODs, RCDs, and LRS over
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GLM regions under the SSP2-4.5 and SSP5-8.5 scenarios
are shown in Fig. 3 for different GWLs. Earlier RODs are pro-
jected over EAS (about 4 days earlier at 2.0°C under the
SSP2-4.5 scenario). Projected RODs in EAS align with
results from Ha et al. (2020). However, across most GLM
regions, regardless of scenario or warming level (Figs. 3a,
d, g, j), EnsMean generally projects a delay in future RODs.
This agrees with findings from Dwyer et al. (2014), Dunning
etal. (2018), and Wainwright et al. (2021). The delays in
future RODs could be attributable to reduced latent heat
fluxes linked to negative soil moisture anomalies (Collini
et al., 2008). These delays increase with continuous warm-
ing, reaching 4-5 days under SSP2-4.5 and 67 days under
SSP5-8.5 in NAF, SAF, and SAM at the 2.0°C GWL
(Fig. 3j). The projected delay in RODs is particularly robust
over SAM and SAF, with at least 70% of the models agreeing
on the sign of the change in EnsMean across these regions.
Additionally, models show relatively low uncertainty in the
projected changes in RODs across SAM, with spreads ranging
from —1 to 5 days under the 2°C warming level for both sce-
narios (Figs. 4b and 5b, and Fig. S3b in the ESM). The highest
uncertainties in the projected RODs (x15 days) are
observed over AUS (Fig. S3g in the ESM), where EnsMean
projects advanced RODs under both scenarios (Figs. 3a, d,
g and j). This advancement is more pronounced under 2.0°C
global warming, reaching up to 10 days under the SSP5-8.5
scenario (Fig. 3j). For projected changes in RCDs (Figs. 3b,
e, h and k), delays (advancements) are observed under all sce-
narios and warming levels over NAF (SAM), reaching 5 to
6 (4 to 5) days under SSP5-8.5 at the 2.0°C warming level
(Fig. 3k). These delays in RCDs are robust over NAF, with

110°W 70°W 30°W 10°E 50°E  90°E 130°E

110°W 70°W 30°W 10°E 50°E 90°E 130°E

110°W 70°W 30°W 10°E 50°E 90°E 130°E

-8 -6 -4 -2

0 2 4 6 8

Fig. 3. Future changes in rainfall onset dates (RODs), rainfall cessation dates (RCDs), and length of the rainy season (LRS)
across GLM regions, compared to the period 1995-2014 based on the CMIP6 EnsMean under the SSP2-4.5 and SSP5-8.5
scenarios at various GWLs: (a—c) SSP2-4.5/1.5°C; (d—f) SSP2-4.5/2.0°C; (g—i) SSP5-8.5/1.5°C; and (j-1) SSP5-8.5/2.0°C.
Stippling marks areas where at least 70% of the models concur on the direction of change in EnsMean.
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daily means, derived using the first harmonic of Fourier analysis.

strong model consensus. All scenarios also project an
advancement of approximately 5 days (2 days) over NAM
(AUS). However, the highest uncertainties in projected
RCDs are found over NAM, with model spreads between
—10 and 10 days (Figs. 4a and 5a, and Figs. S1a—S3a in the
ESM), while the lowest uncertainties are over EAS, with
spreads between —3 and 3 days (Figs. 4f and 5f, and Figs.
S1f—S3f in the ESM).

Under the combined impacts of changes in RODs and
RCDs, LRS is expected to decrease over SAM and SAF
under both the SSP2-4.5 and SSP5-8.5 scenarios (Figs. 3c,
f, i and 1), with a pronounced decrease (> 8 days) under
2.0°C global warming in each scenario. This is likely
related to the projected delays in RODs in these regions
(Figs. 3a, d, g and j). Although the shortening in LRS over
SAF shows strong model consensus only under 2.0°C warm-
ing in each scenario (Figs. 3f and 1), the decrease over SAM
is robust under both 1.5°C and 2.0°C warming in both scenar-
ios. Although some studies suggest a rise in LRS of the East
Asian monsoon (Kitoh et al., 2013; Lee and Wang, 2014;
Moon and Ha, 2020), consistent with Sabeerali and Ajayamo-
han (2018) and except at 2°C under SSP2-4.5, a projected
decrease in LRS is also observed over SAS and EAS. Sabeer-
ali and Ajayamohan (2018) attributed this decrease primarily

to the warming of the western Indian Ocean, which reduces
the upper-tropospheric temperature gradient and conse-
quently reduces the LRS. Uncertainties in the projected
LRS are highest over EAS (Fig. S3c in the ESM) and lowest
over AUS (Fig. S3g in the ESM).

Figures S4 in the ESM and 6 explore the effect of an addi-
tional 0.5°C global warming climate on RODs, RCDs, and
LRS over GLM regions under the Paris Agreement’s pro-
posed warming level of 1.5°C (COP21, 2015). The additional
effects resulting from 2.0°C warming lead to further delay
in RODs over NAF, SAF, SAS, and SAM, while earlier
RODs are projected over AUS (Figs. S4a and d in the
ESM). Over NAF (SAM), the delay is more substantial
under SSP2-4.5 (SSP5-8.5) compared to SSP5-8.5 (SSP2-
4.5). However, limiting the warming to below 1.5°C rather
than 2.0°C will lead to positive avoided impacts on RODs
in most GLM regions, such as SAS (18%) and SAM (41%)
under the SSP2-4.5 and SSP5-8.5 scenarios, respectively
(Figs. 6a and b). In contrast, the increase in warming from
1.5°C to 2.0°C further advances RODs by more than 6 days
over AUS under the SSP5-8.5 scenario (Fig. S4d in the
ESM). For the projected RCDs under SSP2-4.5, additional
warming above 1.5°C causes a slight delay of about 2 days
over NAF, while a more pronounced delay of about 4 days
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Fig. 6. Avoided impact of a 0.5°C warmer climate relative to the 1.5°C warming target over GLM regions (%) for rainfall onset
dates (RODs), rainfall cessation dates (RCDs), and length of the rainy season (LRS) based on the CMIP6 EnsMean under the (a)

SSP2-4.5 and (b) SSP5-8.5 scenarios. Projected changes are computed relative to the 1995-2014 historical period, and the error
bars (vertical lines) represent the 95% confidence interval based on the spread across all CMIP6 models.

is projected under SSP5-8.5 (Figa. S4b and e in the ESM).
The effect of an additional 0.5°C global warming will
advance (delay) RCDs by approximately 6 days (5 days)
over the western part of SAS under SSP2-4.5 (SSP5-8.5)
(Figs. S4c and f in the ESM). Under a warmer climate, LRS

is projected to be longer by about 5 days over SAS for SSP2-
4.5 compared to SSP5-8.5. In both scenarios, a further
decrease in LRS is projected over SAM and SAF with
model consensus, and the shortest LRS is expected under
the SSP5-8.5 scenario (Figs. S4c and f in the ESM). Limiting
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the warming to below 1.5°C rather than 2.0°C will avoid
34% of the impact on the projected LRS in SAF under SSP2-
4.5 (Figs. 6a and b). These findings suggest that a warming
climate leads to a reduced likelihood of LRS, which could
result in dry conditions over regions such as SAM and SAF.

4.2. Future changes in precipitation characteristics
within the rainy season

This section investigates how precipitation characteris-
tics during the rainy season will be affected by 1.5°C and
2.0°C increases in global temperatures under the SSP2-4.5
and SSP5-8.5 scenarios across GLM regions. Results show
a projected increase in total precipitation over WAF, SAS,
and EAS (Figs. 7a, d, g and j), with the increase stronger
under the 2.0°C GWL in both scenarios (Figs. 7d and j) and
higher increases (> 80 mm) over NAF (Figs. 7j and 8a). The
projected increase in precipitation over NAF agrees with find-
ings from Almazroui et al. (2020) and Dosio et al. (2021).
The model consensus observed over NAF in both scenarios
and at both GWLs (Figs. 7a, d, g and j) further indicates the
robustness of the change in that region. The projected rise in
precipitation could be linked to greater surface evaporation
and intensified convergence of atmospheric moisture, as
reported by Akinsanola and Zhou (2019). Conversely,
although less robust, a projected decrease in total precipitation
is observed over SAM, as also highlighted by Hodnebrog
etal. (2022) and Almazroui etal. (2021). The decrease
reaches —30 mm under SSP5-8.5 (Figs. 7g and j). For both
GWLs, total precipitation is projected to increase under
SSP2-4.5 and decrease under SSP5-8.5 in NAM (Figs. 7a,

Rainfall

Rainfall/day
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d, g, j, and 8a). However, that region has large model uncer-
tainties at the 2.0°C GWL under the SSP5-8.5 scenario
(Fig. 8a). For the projected amount of rainfall per day, an
increase is expected in all regions (Figs. 7b, e, h and k). The
projected increase is stronger at the 2.0°C GWL in both sce-
narios, with the highest (> 0.6 mm d-!) and more robust
increase projected over NAF under SSP5-8.5 (Fig. 7k). Con-
versely, the projected number of rainy days is expected to
decrease in most monsoon regions (Figs. 7c, f, i and 1). The
highest decrease is expected over SAM and SAF and is
more pronounced (> 10 days) at the 2.0°C GWL in both sce-
narios (Figs. 7f and 1), with high model consensus. How-
ever, large uncertainties exist over SAM at the 2.0°C GWL
under the SSP5-8.5 scenario (Fig. 8c). Notably, NAF
exhibits the highest increase in the projected number of
rainy days, reaching up to 8 days under the SSP5-8.5 scenario
at the 2.0°C GWL.

Figure 9 explores the relationship between changes in
total rainy season rainfall (TRSR) and changes in RODs as
well as RCDs. While results vary across regions, the correla-
tion between TRSR and RCDs is generally stronger. In
SAF, under SSP2-4.5 at 1.5°C, the correlation between
TRSR and RCDs reaches 0.59. Figure S5 in the ESM also
illustrates the statistical relationships between TRSR and
the rainfall per rainy day (RPRD), as well as the relationships
between TRSR and the number of rainy days (NORD)
across the 16 CMIP6 models. TRSR generally exhibits a
stronger correlation with RPRD across all regions at both
GWLs and under both scenarios, with the highest correlation
coefficients observed in EAS, reaching up to 0.95 at a the

Rainy days

| (1) > n %

110°W 70°W 30°W 10°E 50°E 90°E 130°E

-80-60-40-20 0 20 40 60 80

110°W 70°W 30°W 10°E 50°E 90°E 130°E

AT T
-0.6 0.4 —02 00 02 04 06

110°W 70°W 30°W 10°E 50°E 90°E 130°E

-9 -6 -3 0 3 6 9

Fig. 7. Future changes in total rainfall during the rainy season (units: mm), daily rainfall amounts (units: mm d-!), and number of
rainy days (units: d) across GLM regions relative to the period 1995-2014 for the CMIP6 EnsMean under the SSP2-4.5 and
SSP5-8.5 scenarios at different GWLs: (a—c) SSP2-4.5 under 1.5°C; (d—f) SSP2-4.5 under 2.0°C; (g—i) SSP5-8.5 under 1.5°C;
and (j—1) SSP5-8.5 under 2.0°C. Stippling marks areas where at least 70% of the models concur on the direction of change in

EnsMean.
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Fig. 8. Projected changes in the area-averaged (a) total rainfall during the rainy season (units: mm), (b) daily rainfall amount
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percentiles.

1.5°C GWL under the SSP2-4.5 scenario (Fig. S5 in the
ESM). This suggests that, in many regions, the rise in
RPRD might have a greater impact on TRSR than the
changes in NORD. This aligns with the findings of Piao
etal. (2023) over EAS, who reported a high correlation
between TRSR and the rainfall per rainy season. However,
TRSR is also closely associated with the NORD over SAS,
with correlation coefficient values of 0.75 at the 2.0°C
GWL under SSP2-4.5, and 0.75 at the 1.5°C GWL under
SSP5-8.5 (Fig. S5 in the ESM).

From the 1.5°C to 2.0°C GWL, under both scenarios,
there is a significant rise in TRSR and RPRD across most
areas (Fig. 10 and Fig. S6 in the ESM). Over NAF (SAS),
TRSR increases by more than 30 mm under SSP5-8.5
(SSP2-4.5), while the increase is less significant under
SSP2-4.5 (SSP5-8.5) (Figs. 10a and d). For corresponding
changes in RPRD, the increase is also more significant
under the SSP5-8.5 scenario in most regions, with the
largest increase (> 0.4 mm d-') observed west of the SAS
region (Figs. 10b and e). However, for both TRSR and
RPRD, the impact of 2.0°C over 1.5°C generally shows
larger uncertainties under the SSP5-8.5 scenario (Figs. S6a
and b in the ESM). With additional warming of 0.5°C,
NORD decreases in all regions except SAS and EAS under
the SSP2-4.5 scenario (Figs. 10c and f). The highest
decrease of about 5 days is observed over SAM. Con-
versely, NAF and AUS exhibit an increase in NORD under
the SSP5-8.5 scenario.

5. Summary and conclusion

Exceeding the 1.5°C and 2.0°C global warming thresh-

olds is projected to induce profound changes in GM sys-
tems, with potentially devastating consequences for billions
of people. This study addresses the critical question of how
GLM rainfall patterns such as RODs, RCDs, and LRS will
change in the future by analyzing historical and projected pre-
cipitation data from 16 CMIP6 models under the SSP2-4.5
and SSP5-8.5 scenarios.

Our results indicate that the CMIP6 EnsMean generally
captures the basic spatial features of RODs and RCDs,
albeit with some biases. For example, EnsMean delays
RODs by about 20-30 days over SAS and 10-20 days over
northern NAM while advancing them by 20-30 days over
NAF and EAS. EnsMean shows less bias in simulated histori-
cal RCDs than RODs, with about 10-15 days of advance
over NAF and NAM. Additionally, LRS is reasonably well
represented. However, there are biases in the number of
days, particularly in eastern NAF and SAS. Individual models
generally struggle more with simulating RODs than RCDs,
with higher percentage bias values for RODs across most
regions. Except over EAS and AUS, future changes project
adelay in RODs under the SSP2—4.5 and SSP5-8.5 scenarios
in most monsoon regions, particularly under the 2.0°C
GWL. The delays are more robust over regions like SAM,
with models showing relatively low uncertainties. Con-
versely, under both scenarios, RCDs are projected to
advance in some regions, such as NAM and AUS. The com-
bined effects of changes in RODs and RCDs indicate a short-
ening of LRS over SAM and SAF, implying an intensification
of dry conditions in a warming climate. Additionally, the
study finds that total precipitation and the intensity of rainfall
per day within the rainy season are projected to increase
over most regions, particularly under the SSP5-8.5 scenario.
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marks areas where at least 70% of the models concur on the direction of change in EnsMean.

This increase is accompanied by a decrease in rainy days, sug-
gesting a shift toward more intense but less frequent rainfall
events. These findings underscore the importance of limiting
global warming to below 2.0°C to mitigate adverse impacts
on precipitation patterns and the length of the rainy season.
Changes in the timing of the rainy season can have signif-
icant implications for various sectors, particularly agricul-
ture. For instance, the projected delays in the onset of the
rainy season in SAM can disrupt planting schedules, reducing
crop yields. Farmers rely on predictable rainfall patterns to
time their planting, and any deviation can result in crops not
reaching maturity before the end of the rainy season. Also,
delayed onset affects water availability for irrigation and
other uses. This can strain water resources, especially in
regions already facing water scarcity. The timing of rainy sea-
son cessation also carries critical implications. For example,
the projected early cessation over NAM and SAF can
reduce the growing season, preventing crops from reaching
full maturity and reducing yields. This is particularly detri-
mental for crops that require longer growing periods. Also,
an early end to the rainy season can increase the risk of
drought, affecting agriculture and water supply for domestic
and industrial use. The overall length of the rainy season,
determined by the onset and cessation dates, has profound
implications. As projected in most GLM regions, a shortened
rainy season can lead to insufficient crop water, reducing
yields and potentially leading to food shortages. Also,
changes in the length of the rainy season can alter the balance
between flood and drought periods. However, in NAF, the
projected increase in the TRSR, along with the RPRD,
might mitigate drought risks but increase flooding incidents,
damaging infrastructure, homes, and livelihoods, particularly
in urban areas with poor drainage systems. Therefore, under-
standing the projected changes in rainfall characteristics is cru-
cial for developing effective climate adaptation strategies.
These include rainwater harvesting, improved irrigation tech-
niques, and developing drought-resistant crop varieties.
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